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Abstract
In the context of a shift towards pesticide reduction in arable farming, weed management remains a challenging issue. Integrated
WeedManagement currently recommends agronomic practices for weed control, but it does not integrate the use of biodiversity-
based options, enhancing the biological regulation of weeds. Here, wereview existing knowledge related to three potentially
beneficial interactions, of crop–weed competition, weed seed granivory, and weed interactions with pathogenic fungi. Our main
finding are the following : (1) promoting cropped plant–weed competition by manipulating cropped cover could greatly con-
tribute to weed reduction ; (2) weed seed granivory by invertebrates can significantly lower weed emergence, although this effect
can be highly variable because seed predation is embedded within complex multitrophic interactions that are to date not fully
understood ; (3) a wide range of fungi are pathogenic to various stages of weed development, but strain efficacy in field trials does
not often match that in controlled conditions. We present a framework that superimposes biodiversity-based options for weed
biocontrol on a classical Integrated Weed Management system. We then describe the current state of knowledge on interactions
between agronomic practices and the organisms at play and between the different biological components of the system.We argue
that further advances in our understanding of biodiversity-based options and their performance for weed biocontrol will require
farm-scale experimental trials.
Keywords Agroecology . Ecological intensification . Plant competition . Granivory . Cover plants . Pathogenic fungi . Cropping
systems
Contents
1. Introduction
2. Weed biological control by weed–crop competition
2.1. Description of processes at play at various weed
stages
2.2. Evidence of weed biological control by other
plants
2.3. Management options promoting weed regulation
by other plants
2.4. Knowledge gaps and future challenges in weed
control by cover plants
3. Weed biological control by granivory
3.1. The process of weed seed consumption
3.2. Evidence of weed biological control by granivory
3.3. Management options promoting weed seed
granivory
3.4. Knowledge gaps and future challenges in weed
seed granivory
4. Weed biological control by fungi
4.1. Biotic interactions between fungi and weeds at
various weed stages
4.2. Evidence of weed biological control by fungi
4.3. Management options for weed regulation by fungi
4.4. Knowledge gaps and future challenges in weed
control by fungi
5. Towards an integrated management promoting the
biological control of weeds
5.1. Presentation of the framework
5.2. Implementation of the framework
6. Conclusion
References
* Sandrine Petit
sandrine.petit-michaut@inra.fr
1 Agroécologie, AgroSupDijon, INRA, Université Bourgogne
Franche-Comté, INRA, F-21000 Dijon, France
Agronomy for Sustainable Development (2018) 38: 48
https://doi.org/10.1007/s13593-018-0525-3
1 Introduction
Weed management remains a challenging issue that could
restrict the move towards pesticide reduction in arable farm-
ing. Weed control still relies on the use of synthetic herbicides
with 128 t of herbicides sold in EU-28 in 2014, i.e., 33% of
pesticide sales (Eurostats 2016—http://ec.europa.eu/eurostat/)
despite widely acknowledged, detrimental environmental and
ecological impacts (Stoate et al. 2009) and major issues of
herbicide resistance (Heap 2014). There is, therefore, an ur-
gent need to move towards more sustainable weed manage-
ment strategies that are much less reliant on herbicide use.
Recently, studies have begun to assess the sustainability of
Integrated Weed Management (IWM) practices designed to
combine a low reliance on herbicides with current knowledge
on the influence of cropping systems on weed demography
(Swanton et al. 2008). Particular combinations have been
shown to produce long-term control of arable weeds and a
significant reduction in herbicide use (Chikowo et al. 2009).
Some of these novel cropping systems reconcile agricultural
crop production, weed control, and weed biodiversity
(Mézière et al. 2014; Petit et al. 2015) and are more energy-
efficient (Lechenet et al. 2014). A recent analysis of a network
of 946 conventional arable French farms with contrasting
levels of herbicide use demonstrated that low herbicide use is
generally not in conflict with high productivity and profitabil-
ity and that methods to reduce herbicides are already available
to farmers in most production situations (Lechenet et al. 2017).
However, Lechenet et al. (2017) found that rates of herbicide
application remained high even when pesticide use was low,
suggesting that herbicides remain, above all, the pesticide that
is most difficult to reduce in conventional agriculture.
Moving IWM towards biodiversity-based, agroecological
approaches, to further reduce herbicide use, will require the
use of beneficial biotic interactions that naturally regulate weeds
(Wezel et al. 2015; Duru et al. 2015). Scientists have argued that
the reliance on pesticide inputs could be considerably reduced
by better employing biotic interactions (Rusch et al. 2010;
Ekström and Ekbom 2011). The biodiversity of agroecosystems
has declined markedly in recent decades with the intensification
of agricultural management (Stoate et al. 2009; Bommarco et al.
2011) with concomitant falls in agroecosystem functioning and
notably in the natural regulation of crop pests (Geiger et al.
2010; Cardinale et al. 2012; Oliver et al. 2015). Enhancing
beneficial biodiversity and their interactions in agriculture
through the integration of a combination of agricultural tech-
niques at different spatial and temporal scales (biodiversity-
based systems) remains a highly promising avenue of research
that is still largely unexplored (Médiène et al. 2011; Gaba et al.
2015). The main challenge for such agro-ecological approaches
to engineering the agro-ecosystem is to design a compatible set
of agricultural practices even while the necessary ecological
knowledge is often incomplete (Lescourret et al. 2016).
In this paper, we consider three biodiversity-based interac-
tions that could increase the biological control of weeds. The
first interaction is competition provided by a “cover” of spe-
cifically sown plants directed at the weeds (Teasdale 1996;
Zimdahl 2007a,b). The second interaction is granivory of
weed seeds by arthropods (Westerman et al. 2003), which
can be enhanced through appropriate in-field and off-field
management (Kulkarni et al. 2015). The third interaction is a
set of interactions that occur between plant pathogenic fungi
and weeds (Charudattan 2010; Bailey 2014). For each of these
three interactions, we review the existing knowledge on (a) the
ecological processes at play, (b) the field-based evidence that
they regulate weeds, and (c) the agricultural practices that can
be used to enhance these interactions, for which we highlight
existing knowledge gaps and future challenges. We then pres-
ent a hypothetical integrated weed management system that
incorporates biodiversity-based options to deliver weed regu-
lation and discuss issues related to implementation of this
system.
2 Weed biological control by weed–crop
competition
That cropped plants can be manipulated in order to interfere
with weeds is not a novel conjecture (Robinson and Dunham
1954), but this hypothesis has received renewed attention late-
ly. Weed–crop competition occurs when individuals share the
same limited resource and spatial and temporal niches
(Zimdahl 2007a,b). The degree of competition experienced
by an individual plant is determined by its species’ character-
istics, density and spatio-temporal distribution of other sur-
rounding plants and also the identity of the crop, and its den-
sity (spacing between rows and in the row) and phenology
(Bleasdale 1960). The addition of a third competitor, like cov-
er crops, makes the study of the system more complex, but, in
essence, the main drivers of the competition outcome remain
the same. The present review focuses on non-harvested cover
crops (i.e., companion crops and cover crop) even if increas-
ing the number of crop species or varieties in the field
(intercropping cash crops) could increase weed suppression
(Corre-Hellou et al. 2011).
Weed biocontrol can be based upon interference that
sown plants can deliver to weeds by competition for re-
sources, such as light, water, and nutrients, as well as by
allelopathy. Allelopathy encompasses the effects of chem-
ical compounds produced mainly from the secondary me-
tabolism of plants, microorganisms, viruses, and fungi and
that influence the growth. The use of allelopathy for weed
control has been the subject of a recent review (Jabran et al.
2015), and we will focus here on weed biological control
mediated by competition.
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2.1 Description of processes at play at various weed
stages
Above-ground, weed–crop competition for light can regulate
seed germination as well as many aspects of plant growth, i.e.,
it can reduce root and shoot biomass and seed production. The
intensity of this competition depends on light duration, quan-
tity, and quality. Neighboring plants directly intercept the light
supply and thus affect, by shading, the quantity and quality of
light transmitted into the canopy.
At least half of all arable annual weeds require light for
seed germination (from Juroszek and Gerhards 2004), and leaf
canopy-imposed germination inhibition has been demonstrat-
ed in a range of small-seeded weeds (King 1975; Silvertown
1980), including light-sensitive and dark-germinating species
(Gorski et al. 1978). The cover provided by the crop canopy
reduces the red:far-red ratio of light reaching the seed and thus
affects the plant phytochrome, a system of photoreceptors that
drive the breaking of seed dormancy (Kruk et al. 2006). Red
light promotes the phytochrome system whereas far-red light
inhibits the system, such that increased light interception pro-
motes seed dormancy. Changes in the light environment pre-
dominantly affect seeds at the soil surface as no light pene-
trates the soil deeper than a few millimeters (Cordeau et al.
2015a). For growing plants, the ability to compete for light
varies according to a number of phenotypic traits, such as
plant height (Barnes et al. 1990), leaf angle (Hikosaka and
Hirose 1997), leaf area (Walker et al. 1988), and the vertical
distribution of leaves (Munier-Jolain et al. 2013). Crop and
weed species differ in their shade tolerance (Sutherland 2004),
and many weed species are well-adapted to compete for light.
Summer-germinating weeds, such as Solanum ptycanthum
Dunal, Amaranthus albus L., or Xanthium strumarium L.,
are most photosynthetically efficient under low irradiance
(Regnier et al. 1988). Many other weeds acclimate to low
irradiance by plastic responses that reduce the growth-
limiting effects of shading (Holt 1995). In addition, some
weed species, such as Galium aparine L. (Bain and Attridge
1988), Convolvulus arvensis L., Solanum dulcamara L., or
Ipomoea sepiaria Koenig Ex. Roxb, have climbing and twin-
ning habits that enable them to develop leaves above the crop
canopy.
Below ground, weeds can be impacted by competition for
nutrients and water, as crop and weed species that coexist
require these resources at the same time. Because of early
emergence, weeds are however often more successful than
crop plants in obtaining nitrogen. This success is highly de-
pendent on the growth response of the weed species to soil-
nitrogen availability often described as the N-Ellenberg score
(Ellenberg et al. 1992). This nitrophilic status is closely related
to some weed ecophysiological traits, such as plant biomass
and plant leaf area (Moreau et al. 2013). The amount of com-
petition between weeds and crops is also affected by the
spatial niche overlap of their respective root systems. For ex-
ample, rhizotron experiments have shown that legume roots
grow in the superficial soil layer whereas Brassica species,
like oilseed rape, grow in the deepest soil layer (Cortés-
Mora et al. 2010). In some situations, plant species may not
target nitrogen in the same nutrient form. For instance, in N-
poor soil, legume species will target nitrogen derived from
biological nitrogen fixation (Mylona et al. 1995) and
rhizodeposition (Fustec et al. 2010).
Plants compete for water, and the ability of weeds to out-
compete crops for water resources is related to their above-
ground biomass (Norris 1996). Competition for water is de-
termined by the relative root volume occupied by the compet-
ing plants and is greatest when roots closely intermingle with-
in the same soil volume (Wilson 1988).Water use efficiency is
also related to the C3/C4 photosynthetic category (Spitters and
Aerts 1983), C4 having a general advantage over C3 species
in dry conditions.
The competition processes at play to obtain light, nutrients,
and water are non-independent. First, when any one of the
resources is limiting for a plant, other resources cannot be used
efficiently. For example, the deleterious effects of water com-
petition might be amplified by a lack of nutrient uptake.
Second, the outcome of the competition for a given resource
will impact the plant requirements for additional resources.
Nitrophilic weed species markedly increase plant leaf area in
response to increased available soil-N (Moreau et al. 2013)
and as such become highly demanding in water. In addition,
it is generally assumed that there is a trade-off between above-
ground and below-ground competitive abilities (Aerts et al.
1991) because of allocation patterns of biomass. Growth of
shoots results in a higher competitive ability for light, whereas
growth of roots results in a higher competition ability for
nutrient and water uptake.
2.2 Evidence of weed biological control by other
plants
Current evidence that cropped plants could regulate weed
populations mostly stems from experimental trials that have
assessed the potential of plant species or combinations of spe-
cies that are grown before the crop is grown (fallow cover
crop) or alongside the crop (intercropped from the sowing or
undersown later in the crop cycle) to regulate weeds (Fig.1
and Fig. 2). Living mulches are plant species sown mostly in
the fallow period and kept alive after the cash crop sowing.
Existing studies have demonstrated two broad classes of ef-
fect, i.e., a decrease of weed emergence or a decrease of weed
biomass.
First, plant covers have been shown to decrease weed
emergence and thus weed density. Legume cover crops sown
in the fallow period (Medicago polymorpha L., Medicago
truncatula Gaertn., Trifolium alexandrinum L., and Trifolium
Agron. Sustain. Dev. (2018) 38: 48 Page 3 of 21 48
pratense L.) reduce weed emergence in the succeeding crop
by 41 to 78% compared to no cover crop control (Fisk et al.
2001). Hairy vetch (Vicia villosa Roth.), crimson clover
(Trifolium incarnatum L.), but also non-legume cover crops
such as rye (Secale cereale L.) or barley (Hordeum vulgare L.),
suppress the emergence of Solanum ptycanthum Dun.
(Creamer et al. 1996). Brassica cover crops were shown to
delay and reduce weed emergence by 23 to 34% in the
succeeding crop compared with no cover crop control
(Haramoto and Gallandt 2005). In oilseed rape crops,
undersowing with pea (Lathyrus oleraceus Lam.), berseem clo-
ver (Trifolium alexandrinum L.), common vetch (Vicia sativa
L.), and mixtures of these species decreased weed density in the
oil seed rape by 20–75% compared to sole crop (Lorin et al.
2015). Further studies also suggest that this weed regulation
varies greatly with weed species. Weeds such as Euphorbia
helioscopia L., Geranium dissectum L., and Cyanus segetum
Hill., for example, were shown to have similar emergence rates
under cover crops than without cover crops (Cordeau et al.
2015a). These species are not photosensitive, and exposure to
light or changes in light quality do not break their dormancy.
Second, a plant cover can limit weed biomass. Cordeau
et al. (2015a) showed that the presence of cover reduced weed
biomass of all 14 tested weed species, in average by −87.2%.
Intercropping companion species, such as pea, berseem clo-
ver, common vetch, and mixtures of common vetch/faba
bean/berseem clover, have been shown to reduce, by up to
70%, the biomass of annual weeds in comparison to situations
of an oilseed rape crop alone (Lorin et al. 2015). To limit the
growth of perennial weeds, undersowing a companion crop
can also be used with limited impact on the crop produc-
tivity. For example, undersowing red fescue (Festuca
rubra L.) in wheat was shown to have no impact on wheat
production but reduced the biomass of rhizomes of
Elytrigia repens (L.) Desv. ex Nevski by 40% (Bergkvist
et al. 2010). Intercropping companion crops was also
shown to limit weed biomass in 90% of 55 trials reported
in the literature (Liebman and Dyck 1993). Dead mulches
of hairy vetch and cereal rye have received most attention
over the past thirty years, but other species, such as sub-
terranean clover, Trifolium subterraneum L., have also
been tested as living mulches to suppress weeds (Enache
and Ilnicki 1990). These studies have focused on weed
dynamic during the fallow period and in the succeeding
crop, even if living mulches are expected to impact weeds
after crop harvest. T. subterraneum mulches were found to
reduce weed biomasses by between 53% and 94% during
the fallow period and by 11% and 76% in the succeeding
maize crop (Enache and Ilnicki 1990). Residues from liv-
ing mulches have been shown to be weed-suppressive,
particularly when used at high rates (Mohler and Teasdale
1993). The presence of overwintering annual or permanent
living mulches helps control weeds such as Cyperus
(Hartwig 1977) and may slow down or even prevent the
invasion of new weeds such as Taraxacum officinale F.H.
Wigg. (Hartwig 1989), which might otherwise have be-
come a problem. A recent meta-analysis of 476 experi-
ments showed that legume companion plants significantly
decreased weed biomass, by 56 and 42% relative to control
treatments with no weed and weed control measures, re-
spectively (Verret et al. 2017).
2.3 Management options promoting weed regulation
by other plants
Increasing plant species diversity, via various spatial and tem-
poral manipulations of plant organization in the field (Fig. 2),
is a potential tool for suppressing weeds (Liebman and Dyck
1993; Malezieux et al. 2009).
In Fig. 2, the reference system is a winter crop/spring crop
succession where the fallow period is left unsown, such as for
stubble in no-till systems or bare soil after tillage. The fallow
period can be short, between winter cash crops (winter wheat/
winter barley, oilseed rape/ winter wheat), or long, between
winter and spring/summer cash crops (winter wheat/maize,
winter wheat/spring barley, durum wheat/sunflower). Fallow
cover crop is established during the fallow period, typically in
summer time after the harvest of the preceding crops and
before rain. When sowing is delayed, even by few weeks,
the probability of producing high amount of cover crop bio-
mass decreases (Mirsky et al. 2017). Even if the weed sup-
pression effect was not tested in the latter study, there is clear
evidence in the literature that increasing cover crop biomass
decreases weed growth (Gebhard et al. 2013). Fallow cover
crops established during a short fallow period target weed
communities that could emerge in the succeeding winter crop.
However, the effect of cover crop is not visible in the
succeeding crop when cover crops are terminated by broad-
spectrum herbicide that kills the existing weed flora (e.g.,
Fig. 1 A legume-based cover crop being destroyed by a roller before
crop sowing
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glyphosate) or tillage (Fig. 2; study case 1), which stimulates
the establishment of other weed seedlings (Cordeau et al.
2017). In regions with hard winters, farmers often use frost-
sensitive cover crop species (e.g., Phacelia tanacetifolia
Benth., Guizotia abyssinica (L.f.) Cass., Fagopyrum
esculentumMoench, Helianthus annuus L., Sorghum bicolor
(L.) Moench, Camelina sativa (L.) Crantz, Raphanus sativus
var. longipinnatus L.H. Bailey) so that the cover destruction
does not require the use of herbicides and the succeeding cash
crop is not infested with cover crop volunteers.
In no-till systems, when cover crops are mechanically ter-
minated, by mowing, roller crimping (Wallace et al. 2017), or
root undercutting (Creamer et al. 1996), dead mulches remain
on the soil surface (Fig. 2; study case 2) and can limit weed
emergence in the succeeding cash crop (Teasdale and Mohler
2000). If established during a long fallow period, cover crops
suppress autumn-/winter-emerging weeds by competing for
resources so that their effect will not be visible in the
succeeding spring crops where mainly spring-/summer-
emerging weeds will be present (Fried et al. 2008). In some
cases, non-frost-sensitive fallow cover crops established in
summertime can be maintained during the winter and termi-
nated in spring to target early spring-emerging weeds and then
a summer cash crop can be directly sown (Liebert et al. 2017).
Farmers using tillage (e.g., stale seedbed) to manage
summer- or early autumn-emerging weeds, during the fallow
period, can undersow living mulches either with the crop (Fig.
2; study cases 3 and 5) or following weeding operations (study
case 4) (Hartwig and Ammon 2002; Rasmussen 2004). Living
mulches sown within a winter cash crop target autumn-
Reference 
system
Study case 1:
Fallow cover crop
withtillage
Study case 2:
Fallow covercrop
withno-till
withdead mulches
Study case 3:
Intercropping with
undersown cover
Study case 4:
Relay cropping
short fallow
period
long fallow
periodWinter crop Spring crop
SS
SS H
H
H
H
H HSS
S
S S
S T
T
T
T
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T
Study case 5:
Permanent cover &
Living mulches
S H HS
S
S T
S T
Cash crop
Cover crop
Autumn emerging weeds
Legend:
Spring-summer emerging weeds
S
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T
Cover crop sowing
Cash crop sowing
Cover crop termination
Cash crop harvest
Ploughing
Mowing
Rolling
Spraying
Mowing Mowing
Frost-killed
Frost-killed
or
Spraying
Ploughing
TillageTillageTillage
Frost-killed
Fig. 2 Spatial and temporal arrangement of cover crops (in green) in
cropping systems to target the biological regulation of autumn- (in blue)
and or spring-/summer-emerging (in yellow) weed species, according to
their patterns of emergence, the timing of sowing (S), harvest (H) of cash
crops (in brown), and termination (T) of cover crops (in green)
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emerging weeds and are often frost-killed, such as frost-
sensitive legumes established in wheat or oilseed rape (Lorin
et al. 2015). Permanent living mulches that survive the winter
will also suppress spring-emerging weeds. Living mulches
may compete with the cash crop (Teasdale 1996), and indeed,
most studies have reported a decrease in cash crop yield
(Carof et al. 2007; Pedersen et al. 2009; Picard et al. 2010),
although a few others have reported no yield loss (Ilnicki and
Enache 1992), particularly when living mulches are legumes
(Verret et al. 2017). Yield losses were predominantly due to
the presence of the cover crops during crop establishment,
particularly during spring (Carof et al. 2007; Hiltbrunner
et al. 2007). Intercropping frost-sensitive cover crops appears
to be a less risky option (study case 3) compared to permanent
cover (study case 5) and could release nitrogen for the cash
crop needs during spring (Jones 1992; Thorsted et al. 2006) or
the following year (White and Scott 1991).
2.4 Knowledge gaps and future challenges in weed
control by cover plants
Competitive relationships within a multi-species cover One
aspect that is crucial but still poorly documented is the out-
come of crop–weed competition during the summer period,
when fallow cover crops are established and the in-field situ-
ation is characterized by low availability of nitrogen and wa-
ter. Cover crop mixtures usually include species with various
root system types, including taproot, elongated taproot,
tuberoid root, and branched root forms. Competition for water
and nutrients will result from spatial niche occupation, and
thus, studying the role of root architecture and below-ground
competition is becoming crucial (Dunbabin 2007). In fallow
cover crop as well as in relay cropping or undersowing com-
panion cover crops, understanding the competitive relation-
ships between each component of the system is crucial.
Cover crop species traits: addressing the trade-off between
high weed suppression and low yield loss Farmers have tested
a range of cover crop species over the last decades and have
identified opportunities for breeding cultivars adapted to their
needs (Wayman et al. 2017). However, large-scale adoption of
cover cropping is currently limited by a lack of varieties that
are adapted to different regions and meet farmer needs. The
current variety options for cover crops are low in comparison
to cash crops, and this problem is particularly acute for organic
farmers. To ensure that cash crop and cover crop combinations
can be an effective tool for weed regulation, it is urgent that we
identify and develop ideotypes of cover crop species that are
highly weed-suppressive but have little effect on cash crop
productivity. Traits that convey these functions, such as the
degree of cold tolerance for winter survival, low specific leaf
area for reduced soil water depletion, and high root:shoot ratio
for residual nitrogen uptake, are increasingly described (Wilke
and Snapp 2008; Tribouillois et al. 2015). Since current culti-
vars do not achieve the required multi-factorial level of per-
formance, such as being highly productive and tolerant to
pests, one possible option is to consider and select ideotypes
of mixes of cultivars or species. This would require designing
and evaluating new cultivars not as pure stands but in mixture
or intercropped with cash crops.
To conclude, although results from available trials provide
evidence that cover plants regulate weed species, there is cur-
rently a lack of genericity. The current consensus is that pro-
moting plant–plant competition by manipulating cover crops
can greatly contribute to weed regulation (Liebman and Dyck
1993), but it remains unlikely to lead to substantial reductions
in herbicide use if used alone (Teasdale 1996). When com-
bined with other management practices, such as tillage, cover
crops have been demonstrated to be efficient in managing
weeds in conventional and organic systems (Teasdale et al.
2012; Mirsky et al. 2013; Jernigan et al. 2017)
3 Weed biological control by granivory
To date, the best-documented example of weed regulation by
granivory of arable weeds is that provided by seed-eating
carabid beetles. Many carabid species are known to be seed
predators and may therefore represent valuable agents for the
bio-control of weeds in agro-ecosystems (Honěk et al. 2003;
Kulkarni et al. 2015).
3.1 The process of weed seed consumption
Carabid beetles are generalist predators that are very abundant
in arable fields and can produce substantial post-dispersal
weed seed predation (Honěk et al. 2003). Predation occurs
in brief and intense periods of seed consumption (pulses),
which follow recurrent weed seed rain episodes, prior to the
seeds being protected by burial by rain and wind (Westerman
et al. 2009; Davis and Raghu 2010). Seed-eating carabids
have been shown to aggregate spatially in response to the
sudden inputs of trophic resources (Diehl et al. 2012).
Seed-eating carabid is a general term encompassing both
omnivorous and granivorous species and within these trophic
guilds, sub-groups can be identified that differ in their associ-
ation with weed species (Brooks et al. 2012). Cafetaria tests
conducted in the lab suggest that individual carabid species
exhibit preferences in the seeds they consume (Honěk et al.
2003; Petit et al. 2014). Weed preference is shaped by the size
of seeds and the size of predators, e.g., larger carabids con-
sume larger weed seeds (Honěk et al. 2007). Other factors
such as the nature of resources stored in the seed and the
thickness of the seed coat appear, at least anecdotally, to be
key. The consequences of preferential weed seed predation are
two-fold: (a) not all weed species are consumed by carabids
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and (b) it is the composition of carabid communities that de-
termines the weed species that are the most impacted by seed
predation (Fig. 3).
In field conditions, complexmultitrophic interactions influ-
ence the fate of weed seeds. The hypothesis that increasing
seed-eating carabid abundance may lead to enhanced weed
suppression in many agricultural systems is widely accepted
(Gallandt et al. 2005; Westerman et al. 2005; Petit et al. 2017)
and illustrated with data on Viola arvensis predation in 67
winter wheat fields in North-east France in Fig. 4. Carabid
diversity may also drive the amount of seeds consumed in
arable fields (Gaines and Claudio Gratton 2010; Trichard
et al. 2013), possibly because increased species richness leads
to an increase in the diversity of carabid body sizes and there-
fore and increase in the range of seeds consumed (Honěk et al.
2007). It is likely that density-dependent effects are at play
(Cardina et al. 1996; Cromar et al. 1999). Carabid satiation
during periods of peak weed seed rain could limit the potential
of seed-eating carabids to control weeds at certain times
(Davis and Raghu 2010). Overall, seed consumption will
therefore likely be impacted by the densities of both of weed
seeds and carabids (Frank et al. 2011). Intra-guild predation in
carabid communities may be another limiting factor (Currie
et al. 1996). Omnivorous carabids prey upon one another, and
there are likely to be additional in-direct (non-trophic) effects.
Small carabids might alter their behavior, in response to the
risk of intra-guild predation, by lowering their level of activity
or by leaving prime foraging locations, in order to reduce their
individual risk (Prasad and Snyder 2004; Smith et al. 2008).
Finally, several studies suggest that seed-eating carabid spe-
cies shift their diet during their activity period (Marino et al.
2005; Mauchline et al. 2005; Brooks et al. 2012). For exam-
ple, Amara similata, described as mainly phytophagous, has
been shown to feed mostly on pollen beetle and stem weevil
larvae in oilseed rape fields in early spring (Haschek et al.
2012). Other seed-eating species, such as Pterostichus
melanarius, feed on slugs (Bohan et al. 2000). The spatio-
temporal distribution of alternative prey may therefore play
and important role in the delivery of weed seed predation.
3.2 Evidence of weed biological control by granivory
Given the episodic nature of weed seed predation, field esti-
mates of seed predation are highly variable in time but repeat-
ed measurements have allowed the calculation of annual seed
losses due to predation (Westerman et al. 2003). From ten
published datasets, Davis et al. (2011) estimated that annual
losses due to invertebrates averaged 40% of the total number
of seeds produced by the plants, over a range from 8 to 70%
depending on the weed species and the agronomic context.
The annual rate of seed depletion by invertebrate predators
can therefore be substantial, but the impact of seed predation
on weed regulation and control is still poorly documented. In
other words, the evidence that rates of predation reported in
the literature may significantly affect the demography of par-
ticular weed species is still scarce. A few modelling studies
have addressed this question. Results suggest that an annual
seed loss of 25–50% may be enough to substantially reduce
weed population growth and maintain weed population to a
stable size (Firbank and Watkinson 1985; Westerman et al.
2005). Empirical evidence of effective weed regulation by
carabid beetles is even scarcer. A recent national scale survey
detected a significant but small negative relationship between
the abundance of seed-eating carabid beetles and the weed
seed bank turnover, suggesting a regulation effect of carabids
on weeds (Bohan et al. 2011). Seed predation by invertebrate
was shown to reduce the emergence of Abutilon theophrasti
Medik. and Setaria faberi F. Herm. by 4 to 13% (White et al.
2007). A recent experimental trial using differential predator
exclosure showed a 38% reduction in seedling emergence and
81% reduction in weed biomass forChenopodium album L. in
fallow plots, suggesting that invertebrate seed predators sup-
press weeds (Blubaugh and Kaplan 2016).
The general lack of empirical evidence for weed regulation
remains the key information gap to be filled and represents the
primary scientific obstacle for a wider use of weed seed pre-
dation in agriculture.
3.3 Management options promoting weed seed
granivory
To date, a limited number of studies have assessed the
effect of agricultural practices and/or of the characteristics
of off-field features or landscape properties on the amount
of weed preyed upon in-field. However, because of well-
established links between observed seed predation levels
in-field and the richness, diversity, and abundance of seed-
eating carabids (Fig. 4), it is possible to provide useful
management guidelines for carabids. The evidence current-
ly available suggests that both local and landscape scales
can be used, in combination or not, to enhance the amount
of seed predation in arable fields.
Fig. 3 The carabid Pseudophonus rufipes feeding on Cyanus segetum
seeds
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3.3.1 Local scale
In-field management Direct assessments of weed seed preda-
tion variations in response to agricultural practices show that
seed predation tends to be higher in no-tilled fields, with an
effect of time since conversion (Fig. 4) (Cromar et al. 1999;
Menalled et al. 2007; Petit et al. 2017) as well as in fields with
important (crop and non-crop) vegetation cover (Gallandt
et al. 2005; Meiss et al. 2010; Sanguankeo and Leon 2011).
However, several studies failed to detect any effect of in-field
management on weed seed predation, particularly in organic
farming (Diekötter et al. 2010; Jonason et al. 2013), and there
is a need to identify more precisely agricultural practices that
impact weed seed predation. Studies focusing on the spatial
distribution of carabids indicate that crop type is a major driver
(Kromp 1999; Eyre et al. 2013; Labruyere et al. 2016a). This
crop effect mostly relates to the cover that is provided at cer-
tain times of the year, the microclimate (temperature, humid-
ity) prevailing at the ground surface (Honěk and Jarošík 2000;
Holland and Luff 2000) and prey availability (Diehl et al.
2012; Labruyere et al. 2016b). Differences in cropping sys-
tems, tillage regimes, and pesticide use can also drive the
composition of carabid communities (Holland and Luff
2000; Thorbek and Bilde 2004; Hatten et al. 2007; Trichard
et al. 2014).
Field margins Non-crop habitats that are directly adjacent to
arable fields may provide carabids with alternative prey and a
refuge from agricultural disturbances that occur in-field
(Landis et al. 2000; Pfiffner and Luka 2000). Some carabid
species also overwinter in field boundaries or grassy habitats
and recolonize the adjacent crop field during the crop growing
season (Wissinger 1997). As a result, the presence of grassy
field margins, wildflower strips, and beetle banks can enhance
the abundance of seed-eating carabids in the adjacent crop
(Lys and Nentwig 1992; Hof and Bright 2010). The presence
of a non-crop habitat has also been shown to enhance the
fitness of individuals within the adjacent crop (Zangger et al.
1994; Labruyere et al. 2016b).
3.3.2 Landscape scale
Landscape context At landscape scales, the amount of partic-
ular habitats and the complexity in spatial arrangement of
those habitats can have an important effect on weed seed pre-
dation but results appear to be context-dependent (Menalled
et al. 2000; Trichard et al. 2013; Jonason et al. 2013). There
can be conditional effects, such as when predation is enhanced
in organic fields in complex landscapes whereas predation is
only enhanced in conventional fields in simple landscapes
(Fischer et al. 2011). Seed predation can also be highly depen-
dent on the landscape context in fields recently converted to
conservation agriculture, but independent of landscape in
fields converted more than four years previously (Petit et al.
2017). Landscape-scale effects on carabids have been well-
described and show that beyond the effects of compositional
and structural properties of the surrounding landscape,
landscape-scale management can also drive carabid commu-
nities. For example, the proportion of organic farming at the
landscape scale was shown to enhance the activity and the
body size of granivorous carabid species, thus enhancing their
potential to control arable weeds (Diekötter et al. 2016).
3.4 Knowledge gaps and future challenges in weed
seed granivory
Identifying the combination of in-field agricultural practices
and landscape properties that can sustain intense and stable
weed seed predation levels will require more precise quantifi-
cation of trophic feeding links between carabids, weeds, and
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alternative prey species and a better understanding of the ag-
ronomic factors influencing seed predation. Current multiplex
PCR primers allow many prey species to be screened simul-
taneously and sampling carabid gut contents can now be done
non-destructively (Wallinger et al. 2015). The use of new-
generation sequencing approaches also offers the potential
for widening the assessment of prey species beyond those
already known or suspected to potentially any plant species
that exists within DNA sequence databases (Traugott et al.
2013). In parallel, there is a growing understanding of the
importance of non-prey items in the diets of invertebrates
serving as natural enemies (Lundgren 2009). This is a key
issue because management strategies aiming at supporting
carabids across a farmland landscape will likely also benefit
other organisms (Gonthier et al. 2014). Any increase in the
range of alternative prey available for carabids may allow prey
switching and thus weaken their impact on weeds. Recent
progress in the area of ecological networks, reconstructed
from DNA data (Bohan et al. 2013; Vacher et al. 2016), is a
promising avenue of research for separating out the multiple,
simultaneously occurring interactions.
4 Weed biological control by fungi
Microorganisms in general but here, where we will focus
on fungi, interact in different ways with plants, and this is
in trying to decipher such interactions that putative
bioherbicidal activities have been detected. Thus, biolog-
ical control of weeds with pathogenic fungi has been the
subject of various studies and then of many reviews in-
cluding book chapters these last decades (TeBeest et al.
1992; Bailey 2014; Hershenhorn et al. 2016).
4.1 Biotic interactions between fungi and weeds
at various weed stages
Above-ground Most interactions between weeds and fungi
refer to pathogens causing aerial symptoms, although these
can have a soil-borne phase during their life cycle. The mode
of penetration used and the symptoms these fungi cause are
similar to those described in crops. Pathogenic agents enter the
plant tissues through stomata, specialized host cells, sites of
mechanical injury or after other organisms have broken down
the skin barrier. Symptoms include leaf staining, leaf curl,
necrosis and premature leaf drop, early drying, fruit rot, can-
kers caused by different fungi (powdery mildew, rusts), and
oomycetes (mildew) as in the case of ragweed, Ambrosia
artemisiifolia L. for example, whose leaves can be infected
with Alternaria sp. and Rhizoctonia solani (Runion et al.
2014) and Plasmopara sp. (Choi et al. 2009). Strains of
Sclerotinia sclerotiorium and S. minor have been tested for
their virulence against dandelion Taraxacum sp. (Riddle
et al. 1991). Similarly, strains of the same pathogenic fungi
(Quimby et al. 2004) and of Verticillium dahliae (Skipp et al.
2013) were also tested for their ability to control Canada this-
tle Cirsium arvense (L.) Scop.
Secondarymetabolites of fungi can have bioherbicidal effects.
Metabolites produced in culture medium by Ascochyta caulina,
Drechslera gigantean, and Diaporthe sp. were successfully test-
ed for their phytotoxic activity against crabgrass, Digitaria
sanguinalis (L.) Scop. (Evidente et al. 2006), Chenopodium
album L. (Vurro et al. 2012), and horseweed, Conyza sp. (Pes
et al. 2016). However, these promising results have been obtain-
ed under controlled conditions and have yet to be validated under
natural conditions to guarantee the efficacy of these metabolites
as mycoherbicides. Moreover, the control of Xanthium
occidentale Bertol. using a combination of actions of the patho-
genic agent, Alternaria zinniae, and a low concentration of
brefeldin A, a secondary metabolite produced by the fungus
during its growth, provided improved results because on one
side, plant defense reactions including phenylalanine ammonia-
lyase induction were blocked and on the other side Alternaria
zinniae pathogenicity was enhanced (Vurro et al. 1998).
Below-ground Soil fungi are involved in seed decomposition,
but whether this mechanism is a pathogenic trait involving a
relative specificity of the pathogen–host interaction or simply
a random and opportunistic saprotrophism between a fungus
and an organic substrate integrated in the soil is not clear.
Recent studies have shown that Fusarium tricinctum selects
non-dormant seeds of cheatgrass Bromus tectorum L. and dis-
regards dormant seeds, suggesting that exudates produced by
non-dormant seeds attract and stimulate Fusarium tricinctum
activity (Franke et al. 2014). Several strains of Fusarium
oxysporum inhibit the germination of the parasitic weed
broomrape, Phelipanche ramosa (L.) Pomel, or disturb its
interaction with the crop host plant (Müller-Stöver et al.
2009). Epicoccum purpurascens, isolated from Echinochloa
spp., inhibits seed germination of this weed and damages its
leaves (Motlagh 2011). Strains of Fusarium avenaceum were
however also shown to trigger the release of activated forms of
polyphenol oxidases, a set of plant defense enzymes by dor-
mant seeds of wild oat Avena fatua L. although this effect
disappears in the presence of the oomycete Pythium ultimum
(Fuerst et al. 2011). It is therefore quite likely that signal mol-
ecules are produced both by seeds, whether dormant or not,
and by fungi, whether they are pathogenic or not.
Soil-borne pathogenic fungi can attack weeds during the
germination and emergence of the seedling (Lamichhane et al.
2017). These damping-off attacks are made by fungi, such as
Rhizoctonia solani and Fusarium spp., and oomycetes, such
as Phytophthora spp. and Pythium spp.; the host spectrum of
which being particularly wide can include weeds as well as
crops (Agrios 1997; Berestetskiy 2004; Pane et al. 2011; Ray
and Vijayachandran 2013).
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Finally, the root system of weeds may also be subject to
soil-borne fungal and oomycetic attacks during the entire plant
cycle. Strains of Fusarium solani, F. oxysporum, and
F. tricinctum cause severe root necrotic lesions and crown
rot in the invasive Centaurea diffusa Lam. and C. maculosa
Lam. (Caesar et al. 2002). Strains of Fusarium sp. cause root
rot of ragwort Senecio jacobaea L. but can also be responsible
for root rot of the cultivated clover (Pearson et al. 2016).
Table 1 presents some examples of weeds pathogenic fungi
whose targets may be aerial parts, root parts, or seeds. In some
cases, the relevant phytotoxic secondary metabolites have
been identified.
4.2 Evidence of weed biological control by fungi
The specificity of the plant–pathogen interaction is not always
complete. The pathogenic fungus responsible for the death of
a target weed species may also be pathogenic to other plant
species, including the crop. In addition, unlike chemicals, the
infectious activity of pathogens takes place over time, depend-
ing on the phenological stage of the plant, which is not always
compatible with the expectations of producers wishing a vis-
ible, rapid effect.
Evidence of successful weed biocontrol in field trials is still
scarce although there are some success stories in North
America and Australia. Seed infection by inundative applica-
tions of the seed-borne pathogen Pyrenophora semeniperda
was demonstrated on several annual grass weeds (Bromus
diandrus Roth., Avena fatua L., Lolium rigidum Gaudin,
Hordeum leporinum Link., Vulpia bromoides (L.) Gray), with
for example more than 70% of B. diandrus seeds infected by
the pathogen. The inoculation of conidia suspensions is gen-
erally more effective than that of propagule mixtures and leads
to an absence of germination in most weeds and to a signifi-
cant reduction in the viability of those having germinated
(Medd and Campbell 2005). Chandramohan et al. (2002) pro-
posed to use combination of three fungi,Drechslera gigantea,
Exserohilum longirostratum, and Exserohilum rostratum, to
control a complex of seven weedy grasses. Control efficacy
of the mixture ranged from 32 to 98% and 74 to 100% de-
pending on the year and was equivalent to the additive effica-
cy of each fungal species but with the benefit that a mixture is
easier to use. In many instances, the bioherbicidal effect of
particular isolates is only delivered under specific conditions
(host specificity, crop tolerance, efficacy, temperature, and
moisture spectrum). For example, Staganospora convolvuli
was found to control the bindweeds, Convolvulus arvensis
L. and Calystegia sepium (L.) R. Br., in maize crops provided
the selection and formulation of the fungal inoculum met the
required conditions (Défago et al. 2001). In the field trial,
bindweed cover in the Stagonospora-treated plots (two to five
applications at 40–160 ml/m2 and 5.106 conidia/ml) remained
low at 14.6% and the weed necrotic leaf area reached 78%
(45.4% of leaves dead), while in the control plots (treated with
the fungicide benomyl), bindweed cover increased by 115%,
and necrotic leaf area was 13.8% (6% of leaves dead). The
experience was successfully repeated several years in succes-
sion. However, the same level of control was not achieved
from one year to the next (Boss et al. 2007). This efficacy
was further enhanced by the combined use of the fungal inoc-
ulum and the insectMelanagromyza albocilia, the latter facil-
itating the penetration of the fungus into the weed stem
(Défago et al. 2001). Different accessions of Convolvulus
arvensis L. originating from different regions in North
America and Europe were tested for their susceptibility to
Phomopsis convolvulus. The fungus caused nearly half of
theC. arvensis seed death observed and reduced the bindweed
foliar biomass from 65 to 100% depending on the accession,
indicating that control of Convolvulus arvensis using
Phomopsis convolvulus might be achieved across geographic
regions (Vogelgsang et al. 1999).
In many instances, there are issues with transferring the
infectious activity detected under controlled conditions into
field situations. For example, Phomopsis amaranthicola and
Microspheariopsis amaranthi were shown to control
Amaranthus spp. under controlled conditions in greenhouses
but much less in the field, although field trials revealed that the
combination of the two fungi had more pathogenic effect than
the use of a single isolate (Rosskopf et al. 2005; Moran and
Showler 2007). In the Netherlands, combinations of
Ascochyta caulina conidia, fungal phytotoxins, nutrients,
and low doses of chemical herbicides provided promising
results to control Chenopodium album L., but the efficacy of
the Ascochyta caulina strain was too limited for the develop-
ment of a bioherbicide (Netland et al. 2001). Strains of
Fusarium oxysporum that reduced the parasitic incidence of
Phelipanche ramosa (L.) Pomel under controlled conditions
could reduce the biomass of Phelipanche ramosa shoots be-
tween 30 and 70% when tested in tobacco fields, but these
results were not reproducible from one year to the next.
Subsequent experiments revealed fungistatic effects of the
field soil that partly explained the reduced efficacy of field
experiments (Kohlschmid et al. 2009). Reasons for such a
gap between greenhouse trials and field applications are mul-
tiple and not necessarily always well-known. They might be
due to the wide variety of weed survival strategies, the poor
ecological fitness of fungal candidates introduced into a not-
always welcoming biotic environment, and the particular
edapho-climatic conditions. In combination, these factors
likely determine the success/failure of the weed–pathogen in-
teractions (Kohlschmid et al. 2009; Swope and Stein 2012).
Improving inoculum formulations appears to be a necessary
step to ensure fungal survival when faced with environmental
stresses and to assure pathogenic activity towards target weeds
(Quimby et al. 2004).
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4.3 Management options for weed regulation
by fungi
There are two approaches to implement weed biological con-
trol by fungi (Tebeest et al. 1992; Barton 2004; Charudattan
2010; Hershenhorn et al. 2016).
The first, described as “classical,” consists of locally intro-
ducing fungal pathogen(s) of the weed, isolated from symp-
tomatic weeds plants in their region of origin. In principle,
classical biological control is economical and relatively
simple to implement, although it must satisfactorily address
the strict criterion that the specific host–pathogenic interaction
be reproduced in an environment in which the plant had no
natural enemy (Charudattan 2010). If successful, this ap-
proach should lead to a gradual reduction of the weed popu-
lation and therefore can only be envisaged under special con-
ditions involving, in particular, vegetative propagation of the
plant in areas not targeted for control, such as adjacent grass-
lands or forested areas. Classical biological control has been
used in Brazil, South Africa, Australia, and New Zealand,
Table 1 Some examples of weed pathogenic fungi whose targets may be aerial parts (1), seeds (2), or root (3) parts. In some cases, phytotoxic
secondary metabolites have been identified (4).
Target weed species Causative pathogenic fungi and oomycetes References
(1) Attacks on stem or foliage
Amaranthus spp. Phomopsis amaranthicola/Microspheariopsis
amaranthi
Rosskopf et al. (2005)/Moran and Showler (2007)
Ambrosia artemisiifolia Alternaria sp.; Rhizoctonia solani/Plasmopara sp. Runion et al. (2014)/Choi et al. (2009)
Calystegia sepium Phomopsis convolvulus Vogelgsang et al. (1999)
Chenopodium album Ascochyta caulina Netland et al. (2001), Ghorbani et al. (2006)
Cirsium arvense Verticillium dahliae, Phoma sp. Skipp et al. (2013)
Convolvulus arvensis Staganospora convolvuli/Myrothecium verrucaria Défago et al. (2001)/Millhollon et al. (2003)
Fallopia japonica Mycosphaerella polygoni-cuspidati, Puccinia
polygoni-amphibii
Kurose et al. (2009, 2012)
Rumex dentatus Alternaria alternate Siddiqui et al. (2010)
Senecio vulgaris Puccinia lagenophorae Kolnaar and van den Bosch (2001)
Taraxacum sp. Sclerotinia sclerotiorium/Sclerotinia minor/Phoma
macrostoma
Riddle et al. (1991)/Li et al. (2010)/Bailey (2014)
Tradescantia fluminensis Cercospora apii, Rhizoctonia solani, Uromyces
commelinae
Macedo et al. (2016)
(2) Seed germination inhibition
Avena fatua Fusarium avenaceum + Pythium ultimum Fuerst et al. (2011)
Bromus tectorum Fusarium tricinctum/Pyrenophora semeniperda Franke et al. (2014)/Ehlert et al. (2014)
Bromus diandrus, Avena fatua, Lolium
rigidum, Hordeum leporinum, Vulpia
bromoides
Pyrenophora semeniperda Medd and Campbell (2005)
Echinochloa spp. Epicoccum purpurascens Motlagh (2011)
Phelipanche ramose Fusarium oxysporum Müller-Stöver et al. (2009)
(3) Root and crown rot
Abutilon theophrasti, Setaria faberi Pythium sp. Davis and Renner (2007)
Centaurea diffusa, C. maculosa Fusarium solani, F. oxysporum, F. tricinctum Caesar et al. (2002)
Lepidium draba Rhizoctonia spp. Caesar et al. (2014)
Senecio jacobaea Fusarium sp. Pearson et al. (2016)
Tradescantia fluminensis Sclerotium rolfsii Macedo et al. (2016)
(4) Mode of action based on the production
of fungal phytotoxins
Carthamus lanatus, Cirsum arvense Pyrenophora semeniperda, Stagonospora cirsii Cimmino et al. (2015)
Digitaria sanguinalis Ascochyta caulina Evidente et al. (2006)
Xanthium occidentale Alternaria zinnia Vurro et al. (1998)
Chenopodium album Drechslera gigantean Vurro et al. (2012)
Conyza sp., Echinochloa sp. Diaporthe sp. Pes et al. (2016)
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where many invasive weeds originating from other continents
threaten the native biodiversity (Grice 2004; Scott and Morin
2012). Nearly 40 fungal biocontrol agents have been or are
still being successfully used to control invasive weeds in
Australia (Barton 2004; Hershenhorn et al. 2016). One of
the reasons for the success of this approach is undoubtedly
related to spatial and time scales. In these countries, environ-
mental managers aim at controlling invasive plants in large
natural areas and the process is spread over several years, the
resilience of the (eco)system providing both biological and
legislative regulation. In the EU, although invasive weeds
represent a clear issue, legislative problems have limited clas-
sical biocontrol based on the release of exotic biocontrol
agents including fungi (Shaw 2003; Kurose et al. 2006).
The second approach is referred as “inundative” or
“bioherbicide strategy.” It consists in applying massive and re-
peated doses of phytopathogenic agents to suppress weeds, so
that applications are thought of in the same ways as the applica-
tion of chemical pesticides (TeBeest et al. 1992; Charudattan
2010; Harding and Raizada 2015). Bioherbicides can be formu-
lated as complexes of biocontrol products, including phytopath-
ogenic fungi applied in combination with vegetable or fungal
metabolites (Hershenhorn et al. 2016). Massive inoculation of a
mixture of 20% canola oil emulsion with 107 conidia/ml of
Alternaria alternata was successfully used to control Rumex
dentatus L. in wheat under field conditions in the Philippines
(Siddiqui et al. 2010). Two applications of a mixture of rice hulls
and bran and Sclerotinia rolfsii were shown to control broad-
leaved weeds in rice fields in China (Tang et al. 2011). Such
results are promising, but it remains to establish whether resis-
tances to bioherbicides have appeared among weeds. A massive
use of microorganisms as biocontrol agents represents a risk of
future emerging weeds resistant to pathogens used to control
them (besides that these weed pathogens can also be or become
pathogenic to plants of agronomic and environmental interest).
This is why it seems preferable to use metabolites which, unlike
synthetic xenobiotics, are naturally biodegradable and should
not exert continuous pressure on the target plants.
As bioherbicides typically consist of native pathogens, they
do not face to same regulatory burden of proof of safety that
exotic pathogens must bear. However, bioherbicides require a
capital outlay for industrial R&D, commercial backing, a will-
ing registrant, as well as customers (Charudattan 2010). Ten to
twelve mycoherbicides are currently on sale, but none of them
is from Western Europe, and only three have achieved any
measure of success in the marketplace (Charudattan 2010;
Dagno et al. 2012; Bailey 2014).
4.4 Knowledge gaps and future challenges in weed
control by fungi
Weed control by fungi remains underused, especially in
Europe, and addressing some of the current practical
limitations as well as more fundamental knowledge gaps is
necessary to increase the use of bioherbicides in weed man-
agement strategies; so, bioherbicides should be combined
with other weed management tools.
In practical terms, one limitation to the adoption of weed
control by fungi is the poor documentation of the outcomes of
biological control programs. It is thus important to improve
the long-term evaluation of agent efficacy as well as the long-
term evolution of fungi introduced into the environment, and
notably possible changes in the specificity of their pathogenic
activity (Morin et al. 2009; Bailey 2014). Notably, this in-
volves ascertaining the host spectra, so as not to affect the
crops and to measure the impact of inundative inoculation of
a strain or set of fungal strains on the wider environment. It
can be derived from field observations but also by using of
predictive models designed to assess the risk of misuse of a
pathogen to control a weed (Barton 2012; Berner and Bruckart
2012). This evaluation should also focus on estimating the
cost/benefit ratio of biocontrol versus chemical and/or me-
chanical approaches. The search for bioherbicide niche mar-
kets and improved collaborations between researchers and
R&D industries to develop formulations would be valuable
(Kremer 2005; Bailey et al. 2011). Finally, more effective
communication with farmers and the public is required to
remove their doubts and fears about the mutability of patho-
gens, putative genetic recombination, unpredictable nontarget
attack, mycotoxin accumulation, or environmental buildup
(Charudattan 2010).
In addition, there are scientific challenges. First, many
questions arise about impacts of fungal inoculum introduction
in agrosystems; persistence and activity of fungal inocula in
fields, ecological fitness of these inocula interacting with com-
munities already present in the environment and with the cul-
tural practices (e.g., fertilization, …), and effects on weed
plants (e.g., defense reactions, …), on weed population de-
mography and on the other communities (microbial, insects,
…). All of these impacts should be described. The data ac-
quired should feed into models to predict the bioherbicide and
weed population fate under different edapho-climatic condi-
tions and cropping systems (Berner and Bruckart 2012;
Berner and Cavin 2012; Colbach et al. 2014). Second, re-
search should focus on broad-spectrum rather than solely on
highly host-specific bioherbicides. This can involve mixing
strains whose host specificities are different and correspond
to co-occurring weed species in given cropping systems or by
mixing fungal strains and phytotoxic secondary metabolites of
fungal and/or plant origin (Vurro et al. 2012). The use of
phytotoxic metabolites towards weeds, mimicking already
used herbicide approaches, might accelerate the development
of weed bio-control. In classical biological control, solutions
may emerge from combined use of fungi and arthropods, es-
pecially of insects, or fungi and secondary metabolites of mi-
crobial or plant origin, so that a host–parasite-like equilibrium
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may develop over time. Finally, only limited attention has
been paid so far to the possibilities of targeting the seedbank
to control weeds. Studies are needed to identify fungal and/or
soil microfauna functional groups naturally present in the soil
and able to decay weed seeds. These might be either specific
weed seed pests, which remain to be identified, or opportunis-
tic saprotrophs capable of hydrolyzing caryopses and other
seed coats, thus preventing their germination. The next step
would then be to assess how the activity of such beneficial
groups could be enhanced by agricultural practices.
5 Towards an integrated management
promoting the biological control of weeds
5.1 Presentation of the framework
In this paper, we have argued that classical IWM-based
cropping systems could be widened to integrate additional
management practices specifically promoting the biological
regulation of weeds. Figure 5 represents a system incorporating
these components for enhancing weed biological regulation.
In a classical IWM-based cropping system, the set of se-
lected agricultural practices is used to increase crop yield and
decrease weed abundance (Fig. 5), which in turn has a positive
feedback effect on crop yield (Quinio et al. 2017). However,
these agricultural practices also impact the composition of
natural communities in the agroecosystem, including seed-
eating arthropods (Kromp 1999) and fungal communities
(Trognitz et al. 2016). As stated in Section 3, interactions
between agricultural practices and seed-eating carabids are
well described in the literature. However, individual practices
that are combined in a cropping system can have opposite
effects on the abundance or diversity of carabid communities.
Conversely, the impact of agricultural practices on fungal
communities is hardly documented and further research
should be developed to fill in this large knowledge gap.
Additional management practices can be superimposed on
the classical IWM system to enhance the biological regulation
of weeds (Cordeau et al. 2016). This is illustrated in Fig. 5,
with two levers represented by green lozenges: (a) the
inundative use of bioherbicides and (b) in-field plant diversi-
fication in space and timewith the introduction of cover crops.
The addition of these two levers and the explicit account of
natural communities involved in weed biocontrol complexify
the number of potential interactions between the components
of the framework, which are either effects of practices on
communities and weed biocontrol or interactions between or-
ganisms that are present in the system, including the crop. In
this section, we describe this framework and identify available
knowledge and current knowledge gaps.
Applications of bioherbicides are expected to decrease the
abundance of weeds, as long as IWM practices do not impede
the expected effects of bioherbicide applications. Inundative
release of bioherbicides may potentially affect fungal commu-
nities that are naturally present, but there is to date limited
knowledge on such interactions (Hoagland et al. 2007).
Bioherbicides may also impact seed-eating arthropod commu-
nities, but we have little evidence of such potential effects.
In-field plant diversification is expected to have a direct
weed suppression effect through cropped plant–weed compe-
tition and, in some instances, and for some weed species,
through allelopathy. In-field plant diversification is also likely
to lead to changes in communities that naturally occur within
cultivated fields (Lichtenberg et al. 2017). Increasing in-field
plant diversity can be implemented through different manage-
ment options (see the five case studies presented in Fig. 2) that
will imply modifications of the initial cropping system and
associated agricultural practices. Table 2 presents the body of
available field-based evidence on impact of the five case stud-
ies of in-field plant diversification onweed seed-eating carabid
abundance and fungi pathogenic to weeds, as well as on the
intensity of the related weed biocontrol. For all five case stud-
ies, there is a strong support that increasing in-field plant di-
versity in space and time promotes weed seed depletion by
seed-eating carabids (Table 2). Indeed, the higher the vegeta-
tion ground cover, the higher the seed predation (Gallandt
et al. 2005). In-field plant diversification can also impact fun-
gal communities and their pathogenic activity towards weeds,
but available knowledge is very limited so that no general
statement can be made (Table 2). A final aspect likely to be
important in the delivery of weed biocontrol is potential inter-
actions between biocontrol agents (e.g., fungal communities
and seed-eating arthropods), and these are yet to be described.
It is also possible that enhancing natural communities deliver-
ing weed biocontrol impacts crop growth or crop health.
5.2 Implementation of the framework
The description of this framework reveals a significant degree
of uncertainty and/or gaps in our understanding of the relations
between farming practices and the dynamics of organisms
playing a role in weed biocontrol. It is for example unclear if
(and if so, which) specific IWM practice should be avoided
when biodiversity-based options are mobilized because it
counteracts expected weed biocontrol. The nature of the bio-
logical interactions that would develop in a biodiversity-based
system and their consequences on weed biocontrol, but also
more broadly on crop production, are not yet clearly under-
stood. Significant advances in our understanding of
biodiversity-based systems are thus required if such options
are to be adopted by farmers. A first step could be the imple-
mentation of the framework on experimental farms, with two
major objectives requiring two complementary approaches
(Cordeau et al. 2015b).
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A first generic goal would be to assess the level of weed
biocontrol that can be achieved with a biodiversity-based sys-
tem (system’s approach). This would involve monitoring the
long-term effects of the overall management system on bene-
ficial communities and subsequent weed regulation, which
could take some time to establish. It should also include an
assessment of the implemented system on “detrimental” or-
ganisms that negatively affect crop production and that could
thrive in biodiversity-based systems, for example rodents and
slugs that could benefit from in-field plant diversification. The
Table 2 Effects of cover crop type onweed biological agent (carabids, fungi) and their biological control. Main references are mentioned in each cell of
the table.
Biological control agent Intensity of biological control
Carabid abundance Pathogen fungi Weed predation by carabids Pathogenic activity
on weeds
SC1 Fallow cover cropping
with tillage
↗ Booij et al. (1997) ↘ Verticillium sp. ↗ Gallandt et al. (2005) ?
↗ Gallandt et al. (2005) França et al. (2013) 0 Ward et al. (2011)
↗ Shearin et al. (2008) ↗ Balota et al. (2014)
↗Ward et al. (2011)
SC2 Fallow with no-till &
dead mulches
0 Trichard et al. (2013) ? 0 Trichard et al. (2013) ?
0 Quinn et al. (2016) 0 Quinn et al. (2016)
↗ Petit et al. (2017) ↗ Petit et al. (2017)
SC3 Intercropping with
undersown cover
↗ & ↘ Dixon et al. (2004) ↘ Fusarium sp. ↗ Davis & Liebman (2003) ?
↗ Holland (2004) Verrell et al. (2017) ↗ or 0 Heggenstaller et al. (2006)
↗ Prasifka et al. (2006)
↗ Depalo et al. (2017)
↗ Dunbar et al. (2017)
SC4 Relay cropping ↗ Xu et al. (2011) ↗ & ↘ Specific responses ?
Pythium sp. & Rhizoctonia sp. ?
Sumner et al. (1995)
SC5 Perennial cover &
living mulches
↗ Carmona and Landis (1999) ? ↗Meiss et al. (2010) ?
↗ Hurej and Twardowski (2006) ↗ Fox et al. (2013)
↗ Fox et al. (2013) ↗ Blubaugh et al. (2016)
The effects are described as follows: ↘, decrease; 0, no effect; ↗, increase; ?, not known
IWM practices
WEED ABUNDANCE
In-field plant 
diversification
Inundative 
Biocontrol 
(fungi)
Seed-eating 
arthropods
Fungal 
communities
+
-- -
?
-
?
?
?
+/- ?
?
Biodiversity-based options
combined with
?
Fig. 5 General framework presenting the different components and
interactions between components of a biodiversity-based management
system. Here, two biodiversity-based options for weed biocontrol
(green lozenges) are superimposed on an Integrated Weed Management
(IWM) system. IWM practices (thick black arrow) and biological control
(green arrows) have a negative impact on weed abundance. Many
interactions coexist in the framework that are either well-documented in
the literature (black arrows) or largely not documented (grey arrows)
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biological monitoring of the implemented biodiversity-based
system will enable adaptive management, i.e., a continuous
adjustment of practices to pilot the different ecological equi-
librium at play.
A second objective would be to describe interactions that
take place in biodiversity-based system that are to date either
not documented or not fully understood (analytical approach).
Experimental research could test hypotheses on potential in-
teractions between individual IWM or biodiversity-based
practices and weed biocontrol agents and their dynamics.
One key question is that of antagonisms, where a particular
management option will simultaneously enhance beneficial
and detrimental organisms. Analytical studies could also de
developed to identify the mechanisms and the agroecological
consequences of interactions between different communities
co-occurring in biodiversity-based systems.
6 Conclusion
Although this review provides evidence that biotic interac-
tions could significantly alter weed species development at
different stages of its life cycle, the implementation of an
integrated biodiversity-based management system delivering
the ecosystem service of weed regulation remains challenging.
Planning and long-term monitoring of field trials are required
to document the trajectories of the different biological compo-
nents of the system, to assess weed regulation that is effective-
ly delivered and to ensure that the system meets the other
criteria of sustainability.
Compliance with Ethical Standards
Conflict of interest The authors declare that they have no conflict of
interest.
References
Aerts R, Boot R, Van der Aart P (1991) The relation between above- and
belowground biomass allocation patterns and competitive ability.
Oecologia 87:551–559
Agrios GN (1997) Plant pathology. Academic Press, San Diego, CA, p
635
Bailey KL (2014) The bioherbicide approach to weed control using plant
pathogens. In: Integrated pest management: current concepts and
ecological perspective. Elsevier Academic Press Inc., San Diego,
CA, pp 245–266. https://doi.org/10.1016/B978-0-12-398529-3.
00014-2
Bailey KL, Pitt WM, Falk S, Derby J (2011) The effects of Phoma
macrostoma on nontarget plant and target weed species. Biol
Control 58:379–386. https://doi.org/10.1016/j.biocontrol.2011.06.
001
Bain AB, Attridge TH (1988) Shade-light mediated responses in field and
hedgerow populations of Galium aparine L. J Exp Bot 39:1759–
1764. https://doi.org/10.1093/jxb/39.12.1759
Balota EI, Calegari A, Nakatani AS, CoyneMS (2014) Benefits of winter
cover crops and no-tillage for microbial parameters in a Brazilian
oxisol: a long-term study. Agric Ecosys Env 197:31–40 doi.org/10.
1016/j.agee.2014.07.010
Barnes PW, Beyschlag W, Ryel R, Flint SD, Caldwell MM (1990) Plant
competition for light analyzed with a multispecies canopy model.
Oecologia 82:560–566. https://doi.org/10.1007/BF00319801
Barton J (2004) How good are we at predicting the field host-range of
fungal pathogens used for classical biological control of weeds? Biol
Control 31:99–122. https://doi.org/10.1016/j.biocontrol.2004.04.
008
Barton J (2012) Predictability of pathogen host range in classical biolog-
ical control of weeds: an update. Biocontrol 57:289–305. https://doi.
org/10.1007/s10526-011-9401-7
Berestetskiy AO (2004) Problems and advances in biological control of
weeds with plant pathogenic fungi. Mikologiya I Fitopatologiya 38:
1–14
Bergkvist G, Adler A, Hansson M, Weih M (2010) Red fescue
undersown in winter wheat suppresses Elytrigia repens. Weed res
50:447–455. https://doi.org/10.1111/j.1365-3180.2010.00789.x
Berner DK, Bruckart WL (2012) Comparing predictions from mixed
model equations with host range determinations from historical dis-
ease evaluation data of two previously released weed biological
control pathogens. Biol Control 60:207–215. https://doi.org/10.
1016/j.biocontrol.2011.10.007
Berner DK, Cavin CA (2012) Finalizing host range determination of a
weed biological control pathogen with best linear unbiased predic-
tors and damage assessment. Biocontrol 57:235–246. https://doi.
org/10.1007/s10526-011-9399-x
Bleasdale JKA (1960) Studies on plant competition. In: Biology of
Weeds, Symp. Brit. Ecol. Soc., pp 133–142
Blubaugh CK, Kaplan I (2016) Invertebrate seed predators reduce weed
emergence following seed rain. Weed Sci 64:80–86. https://doi.org/
10.1614/WS-D-15-00111.1
Blubaugh CK, Hagler JR, Matchley SA, Kaplan I (2016) Cover
crops increase foraging activity of omnivorous predators in
seed patches and facilitate weed biological control. Agric
Ecosys Env 231:264–270
Bohan DA, Bohan AC, Glen DM, Symondson WOC, Wiltshire CW,
Hughes L (2000) Spatial dynamics of predation by carabid beetles
on slugs. J. An. Ecol. 69:367–379
Bohan DA, Boursault A, Brooks DR, Petit S (2011) National-scale reg-
ulation of the weed seedbank by carabid predators. J Appl Ecol 48:
888–898
Bohan DA, Raybould A, Mulder C, Woodward G, Tamaddoni-Nezhad
A, Bluthgen N, Pocock M, Muggleton S, Evans DM, Astegiano J,
Massol F, Loeuille N, Petit S, Macfadyen S (2013) Networking
agroecology. Adv Ecol Res 49:2–67
Bommarco R, Miranda F, Bylund H, Björkman C (2011) Insecticides
suppress natural enemies and increase pest damage in cabbage. J
Econ Entomol 104:782–791
Booij CJH, Noorlander J, Theunissen J (1997) Intercropping cabbage
with clover: effects on ground beetles. Biol Agric Hort15:261–268
Boss D, Schlapfer E, Fuchs J, Defago G, Maurhofer M (2007)
Improvement and application of the biocontrol fungus
Stagonospora convolvuli LA(39) formulation for efficient control
of Calystegia sepium and Convolvulus arvensis. J Plant Dis
Protect 114:232–238. https://doi.org/10.1007/BF03356223
Brooks DR, Storkey J, Clark SJ, Firbank LG, Petit S, Woiwod IP (2012)
Trophic links between functional groups of arable plants and beetles
are stable at a national scale. J Anim Ecol 81:4–13
Caesar AJ, Campobasso G, Terragitti G (2002) Identification, pathoge-
nicity and comparative virulence of Fusarium spp. associated with
insect-damaged, diseased Centaurea spp. in Europe. Biocontrol 47:
217–229. https://doi.org/10.1023/A:1014507025447
Agron. Sustain. Dev. (2018) 38: 48 Page 15 of 21 48
Caesar AJ, Lartey RT, Caesar-TonThat T, Gaskin J (2014) First report of
Rhizoctonia spp. causing a root rot of the invasive rangeland weed
Lepidium draba in North America. Plant Dis 98:1278–1278. https://
doi.org/10.1094/PDIS-03-14-0300-PDN
Cardina J, Norquay HM, Stinner BR, McCartney DA (1996)
Postdispersal predation of velvetleaf (Abutilon theophrasti) seeds.
We e d S c i 4 4 : 5 3 4 – 5 3 9 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 7 /
S0043174500094297
Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P,
Narwani A, Mace GM, Tilman D, Wardle DA, Kinzig AP, Daily
GC, Loreau M, Grace JB, Larigauderie A, Srivastava DS, Naeem
S (2012) Biodiversity loss and its impact on humanity. Nature
486:59–67
Carmona DM, Landis DA (1999) Influence of refuge habitats and cover
crops on seasonal activity-density of ground beetles (Coleoptera:
Carabidae) in field crops. Environ Entomol 28:1145–1153
Carof M, De Tourdonnet S, Saulas P, Le Floch D, Roger-Estrade J (2007)
Undersowingwheat with different livingmulches in a no-till system.
I. Yield analysis. Agron Sustain Dev 27:347–356. https://doi.org/10.
1051/agro:2007016
Chandramohan S, Charudattan R, Sonoda RM, Singh M (2002) Field
evaluation of a fungal pathogen mixture for the control of seven
weedy grasses. Weed Sci 50:204–213. https://doi.org/10.1614/
0043-1745
Charudattan R (2010) A reflection on my research in weed biological
control: using what we have learned for future applications. Weed
Technol 24:208–217. https://doi.org/10.1614/WT-D-09-00012.1
Chikowo R, Faloya V, Petit S, Munier-Jolain NM (2009) Integrated weed
management systems allow reduced reliance on herbicides and long-
term weed control. Agric Ecosyst Environ 132:237–242. https://doi.
org/10.1016/j.agee.2009.04.009
Choi YJ, Kiss L, Vajna L, Shin HD (2009) Characterization of a
Plasmopara species on Ambrosia artemisiifolia, and notes on
P. halstedii, based on morphology and multiple gene phylogenies.
Mycol Res 113:1127–1136. https://doi.org/10.1016/j.mycres.2009.
07.011
Cimmino A,Masi M, Evidente M, Superchi S, Evidente A (2015) Fungal
phytotoxins with potential herbicidal activity: chemical and biolog-
ical characterization. Nat Prod Rep 32:1629–1653. https://doi.org/
10.1039/c5np00081e
Colbach N, Biju-Duval L, Gardarin A, Granger S, Guyot SHM, Meziere
D, Munier-Jolain NM, Petit S (2014) The role of models for
multicriteria evaluation and multiobjective design of cropping sys-
tems for managing weeds. Weed Res 54:541–555. https://doi.org/
10.1111/wre.12112
Cordeau S, Guillemin JP, Reibel C, Chauvel B (2015a) Weed species
differ in their ability to emerge in no-till systems that include cover
crops. Ann Appl Biol 166:444–455. https://doi.org/10.1111/aab.
12195
Cordeau S, Deytieux V, Lemanceau P, Marget P (2015b) Towards the
establishment of an experimental research unit on agroecology in
France. In: Aspects of applied biology 128: valuing long-term sites
and experiments for agriculture and ecology, pp 271–273
Cordeau S, Triolet M, Wayman S, Steinberg C, Guillemin JP (2016)
Bioherbicides: dead in the water? A review of the existing products
for integrated weed management. Crop Prot 87:44–49
Cordeau S, Smith RG, Gallandt ER, Brown B, Salon P, DiTommaso A,
Ryan MR (2017) Timing of tillage as a driver of weed communities.
Weed Sci 65:504–514
Corre-Hellou G, Dibet A, Hauggaard-Nielsen H, Crozat Y, Gooding M,
Ambus P, Dahlmann C, von Fragstein P, Pristeri A, Monti M (2011)
The competitive ability of pea–barley intercrops against weeds and
the interactions with crop productivity and soil N availability. Field
Crops Research 122:264–272
Cortés-Mora AF, Piva G, Jamont M, Fustec J (2010) Niche separation
and nitrogen transfer in Brassica-legume intercrops. Ratarstvo i
Povrtarstvo 47:581–586
Creamer NG, Bennett MA, Stinner BR, Cardina J, Regnier EE (1996)
Mechanisms of weed suppression in cover crop-based production
systems. HortScience 31:410–413
Cromar HE, Murphy SD, Swanton CJ (1999) Influence of tillage and
crop residue on post dispersal predation of weed seeds. Weed Sci
47:184–194
Currie CR, Spence JR, Niemelä J (1996) Competition, cannibalism and
intra guild predation among ground beetles (Coleoptera: Carabidae):
a laboratory study. The Coleopterists Bulletin 50:135–148
Dagno K, Lahlali R, Diourte M, Jijakli MH (2012) Present status of the
development of mycoherbicides against water hyacinth: successes
and challenges. A review. Biotechnol Agron Soc 16:360–368
Davis AS, Daedlow D, Schutte BJ, Westerman PR (2011) Temporal
scaling of episodic point estimates of seed predation to long-term
predation rates. Methods Ecol Evol 2:682–890
Davis AS, Liebman M (2003) Cropping system effects on giant foxtail
(Setaria faberi) demography: I. Green manure and tillage timing.
Weed Sci 51:919–929
Davis AS, Raghu S (2010) Weighing abiotic and biotic influences on
weed seed predation. Weed Res 50:402–412
Davis AS, Renner KA (2007) Influence of seed depth and pathogens on
fatal germination of velvetleaf (Abutilon theophrasti) and giant fox-
tail (Setaria faberi). Weed Sci 55:30–35. https://doi.org/10.1614/W-
06-099.1
Défago G, Ammon HU, Cagan L, Draeger B, Greaves MP, Guntli D,
Hoeke D, Klimes L, Lawrie J, MoÃnne-Loccoz Y et al (2001)
Towards the biocontrol of bindweeds with a mycoherbicide.
BioControl 46:157–173. https://doi.org/10.1023/A:1011441816615
Depalo L, Burgio G, von Fragstein P (2017) Impact of living mulch on
arthropod fauna: analysis of pest and beneficial dynamics on organic
cauliflower (Brassica oleracea L. var. botrytis) in different European
scenarios. Renew Agric Food Syst 32:240–247
Diehl E, Wolters V, Birkhofer K (2012) Arable weeds in organically
managed wheat fields foster carabid beetles by resource- and
structure-mediated effects. Arthropod-Plant Inte 6:75–82
Diekötter T, Wamser S, Wolters V, Birkhofer K (2010) Landscape and
management effects on structure and function of soil arthropod com-
munities in winter wheat. Agric Ecosyst Environ 137:108–112
Diekötter T, Wamser S, Dörner T, Wolters V, Birkhofer K (2016) Organic
farming affects the potential of a granivorous carabid beetle to con-
trol arable weeds at local and landscape scales. Agr Forest Entomol
18:167–173. https://doi.org/10.1111/afe.12150
Dixon PL, Coady JR, Larson DJ, Spaner D (2004) Undersowing rutabaga
with white clover: impact on Delia radicum (Diptera:
Anthomyiidae) and its natural enemies. Can Entomol 136:427–442
Dunbabin V (2007) Simulating the role of rooting traits in crop-weed
competition. Field Crops Res 104:44–51
Dunbar MW, Gassmann AJ, O'Neal ME (2017) Limited impact of a fall-
seeded, spring-terminated rye cover crop on beneficial arthropods.
Environ Entomol 46:284–290
Duru M, Therond O, Martin G, Martin-Clouaire R, Magne M, Justes E,
Journet EP, Aubertot JN, Savary S, Bergez JE, Sarthou JP (2015)
How to implement biodiversity-based agriculture to enhance eco-
system services: a review. Agron Sustain Dev 35:1259–1281.
https://doi.org/10.1007/s13593-015-0306-1
Ehlert KA, Mangold JM, Engel RE (2014) Integrating the herbicide
imazapic and the fungal pathogen Pyrenophora semeniperda to con-
trol Bromus tectorum. Weed Res 54:418–424. https://doi.org/10.
1111/wre.12089
Ekström G, Ekbom B (2011) Pest control in agro-ecosystems an ecolog-
ical approach. Crit Rev Plant Sci 30:74–94. https://doi.org/10.1080/
07352689.2011.55435
48 Page 16 of 21 Agron. Sustain. Dev. (2018) 38: 48
Ellenberg H, Weber HE, Dull R, Wirth V, Werner W, Paulissen D (1992)
Zeigerwerte von Pflanzen in Mitteleuropa. Scripta Geobotanica 18:
1–25
Enache AJ, Ilnicki RD (1990) Weed control by subterranean clover
(Trifolium subterraneum) used as a living mulch. Weed Technol 4:
534–538
Evidente A, Andolfi A, Cimmino A, Vurro M, Fracchiolla M,
Charudattan R (2006) Herbicidal potential of ophiobolins produced
by Drechslera gigantea. J Agr Food Chem 54:1779–1783. https://
doi.org/10.1021/jf052843l
Eyre MD, Luff ML, Leifert C (2013) Crop, field boundary, productivity
and disturbance influences on ground beetles (Coleoptera:
Carabidae) in the agroecosystem. Agric Ecosyst Environ 165:60–67
Firbank LG,Watkinson AR (1985) On the analysis of competition within
two-species mixtures of plants. J Appl Ecol 22:503–517
Fischer C, Thies C, Tscharntke T (2011) Mixed effects of landscape
complexity and farming practice on weed seed removal. Perspect
Plant Ecol Evol Syst 13:297–303
Fisk JW, Hesterman OB, Shrestha A, Kells JJ, Harwood RR, Squire JM,
Sheaffer CC (2001) Weed suppression by annual legume cover
crops in no-tillage corn. Agron J 93:319–325
Fox AF, Reberg-Horton SC, Orr DB, Moorman CE, Frank SD (2013)
Crop and field border effects on weed seed predation in the south-
eastern US coastal plain. Agric Ecosyst Environ 177:58–62
França SC, Spiessens K, Pollet S, Debode J, De Rooster L, Callens D,
Hofte M (2013) Population dynamics of Verticillium species in cau-
liflower fields: influence of crop rotation, debris removal and rye-
grass incorporation. Crop Prot 54:134–141. https://doi.org/10.1016/
j.cropro.2013.08.008
Frank SD, Shrewsbury PM, Denno RF (2011) Plant versus prey re-
sources: influence on omnivore behaviour and herbivore suppres-
sion. Biol Control 57:229–235
Franke J, Geary B, Meyer SE (2014) Identification of the infection route
of a fusarium seed pathogen into nondormant Bromus tectorum
seeds. Phytopathology 104:1306–1313. https://doi.org/10.1094/
PHYTO-03-14-0077-R
Fried G, Norton LR, Reboud X (2008) Environmental and management
factors determining weed species composition and diversity in
France. Agric Ecosyst Environ 128:68–76
Fuerst EP, Anderson JV, Kennedy AC, Gallagher RS (2011) Induction of
polyphenol oxidase activity in dormant wild oat (Avena fatua) seeds
and caryopses: a defense response to seed decay fungi. Weed Sci 59:
137–144. https://doi.org/10.1614/WS-D-10-00123.1
Fustec J, Lesuffleur F, Mahieu S, Cliquet JB (2010) Nitrogen
rhizodeposition of legumes. Agron Sustain Dev 30:57–66
Gaba S, Lescourret F, Boudsocq S, Enjalbert J, Hinsinger P, Journet E-P,
Navas M-L, Wery J, Louarn G, Malézieux E (2015) Multiple
cropping systems as drivers for providing multiple ecosystem ser-
vices: from concepts to design. Agron Sustain Dev 35:607–623
Gaines HR, Claudio Gratton C (2010) Seed predation increases with
ground beetle diversity in aWisconsin (USA) potato agroecosystem.
Agric Ecosyst Environ 137:329–336
Gallandt ER,Molloy T, Lynch RP, Drummond FA (2005) Effect of cover-
cropping systems on invertebrate seed predation. Weed Sci 53:69–
76
Gebhard C-A, Büchi L, Liebisch F, Sinaj S, Ramseier H, Charles R
(2013) Screening de légumineuses pour couverts végétaux: azote
et adventices. Recherche Agronomique Suisse 9:384–393
Geiger F, Bengtsson I, Berendse F, Weisser WW, Emmerson M, Morales
MB, Ceryngier P, Liira J, Tscharntke T, Winqvist C, Eggers S,
Bommarco R, Part T, Bretagnolle V, Plantegenest M, Clement LW,
Dennis C, Palmer C, Onatef JJ, Guerrero I, Hawro C, Aavik T, Thies
C, Flohre A, Hanke S, Fisher C, Goedhart PW, Inchausti P (2010)
Persistent negative effects of pesticides on biodiversity and biolog-
ical control potential on European farmland. Basic Appl Ecol 11:97–
105
Ghorbani R, Seel W, Rashed MH, Leifert C (2006) Effect of plant age,
temperature and humidity on virulence of Ascochyta caulina on
common lambsquarters (Chenopodium album). Weed Sci 54:526–
531. https://doi.org/10.1614/WS-04-026R3.1
Gonthier DJ, Ennis KK, Farinas S, Hsieh HY, Iverson AL, Batáry P,
Rudolphi J, Tscharntke T, Cardinale BJ, Perfecto I (2014)
Biodiversity conservation in agriculture requires a multi-scale ap-
proach. Phil Trans R Soc Lond B 281
Gorski T, Gorska K, Rybicki J (1978) Studies on the germination of seeds
under leaf canopy. Flora 167:289–299
Grice AC (2004) Weeds and the monitoring of biodiversity in Australian
rangelands. Austral Ecol 29:51–58. https://doi.org/10.1111/j.1442-
9993.2004.01364.x
Haramoto ER, Gallandt ER (2005) Brassica cover cropping: I. Effects on
weed and crop establishment. Weed Sci 53:695–701
Harding DP, Raizada MN (2015) Controlling weeds with fungi, bacteria
and viruses: a review. Front Plant Sci 6:14. https://doi.org/10.3389/
fpls.2015.00659
Hartwig NL (1977) Nutsedge control in no-tillage corn with and without
a crownvetch cover crop. Proc Northeast Weed Sci Soc 31:20–23
Hartwig NL (1989) Influence of crownvetch living mulch on dandelion
invasion in corn. Proc Northeast Weed Sci Soc 43:25–28
Hartwig NL, Ammon HU (2002) Cover crops and living mulches. Weed
S c i 5 0 : 6 8 8 – 6 9 9 . h t t p s : / / d o i . o r g / 1 0 . 1 6 1 4 / 0 0 4 3 -
1745(2002)050[0688:AIACCA]2.0.CO;2
Haschek C, Drapela T, Schuller N, Fiedler K, Frank T (2012) Carabid
beetle condition, reproduction and density in winter oilseed rape
affected by field and landscape parameters. J. Appl. Entomol. 136:
665–674
Hatten TD, Bosque-Perez NA, Labonte JR, Guy SO, Eigenbrode SD
(2007) Effects of tillage on the activity density and biological diver-
sity of carabid beetles in spring and winter crops. Environ Entomol
36:356–368
Heap I (2014) Herbicide resistant weeds. In: Integrated pest management.
Springer Netherlands, pp 281–301
Heggenstaller A, Menalled FD, Liebman M, Westerman PR (2006)
Seasonal patterns in post-dispersal seed predation of Abutilon
theophrasti and Setaria faberi in three cropping systems. J Appl
Ecol 43:999–1010
Hershenhorn J, Casella F, Vurro M (2016) Weed biocontrol with fungi:
past, present and future. In: Biocontrol Sci Techn, vol 26, pp 1313–
1328. https://doi.org/10.1080/09583157.2016.1209161
Hikosaka K, Hirose T (1997) Leaf angle as a strategy for light competi-
tion: optimal and evolutionarily stable light-extinction coefficient
within a leaf canopy. Ecoscience 4:501–507
Hiltbrunner J, Liedgens M, Bloch L, Stamp P, Streit B (2007) Legume
cover crops as living mulches for winter wheat: components of
biomass and the control of weeds. Eur J Agron 26:21–29
Hoagland RE, Boyette CD, Weaver MA, Abbas HK (2007)
Bioherbicides: research and risks. Toxin Reviews 26:313–342.
https://doi.org/10.1080/15569540701603991
Hof AR, Bright PW (2010) The impact of grassy field margins on macro-
invertebrate abundance in adjacent arable fields. Agric Ecosyst
Environ 139:280–283
Holland JM (2004) The environmental consequences of adopting conser-
vation tillage in Europe: reviewing the evidence. Agric Ecosyst
Environ 103:1–25
Holland JM, Luff ML (2000) The effects of agricultural practices on
Carabidae in temperate agroecosystems. Int Pest Manag Rev 5:
109–129
Holt JS (1995) Plant responses to light: a potential tool for weed manage-
ment. Weed Sci 43:474–482
Honěk A, Jarošík V (2000) The role of crop density, seed and aphid
presence in diversification of field communities of Carabidae
(Coleoptera). Eur J Entomol 97:517–525
Agron. Sustain. Dev. (2018) 38: 48 Page 17 of 21 48
Honěk A, Martinkova Z, Jarošík V (2003) Ground beetles (Carabidae) as
seed predators. Eur J Entomol 100:531–544
Honěk A, Martinkova Z, Saska P, Pekar S (2007) Size and taxonomic
constraints determine seed preferences of Carabidae (Coleoptera).
Basic Appl Ecol 8:343–353
Hurej M, Twardowski JP (2006) The influence of yellow lupin
intercropped with spring triticale on predatory carabid beetles
(Coleoptera: Carabidae). Eur J Entomol 103:259–261
Ilnicki RD, Enache AJ (1992) Subterranean clover living mulch: an
alternative method of weed control. Agric Ecosyst Environ 40:
249–264
Jabran K, Mahajan G, Sardana V, Chauhan BS (2015) Allelopathy for
weed control in agricultural systems. Crop Protection 72:57–65
Jernigan AB, Caldwell BA, Cordeau S, DiTommaso A, Drinkwater LE,
Mohler CL, Ryan MR (2017) Weed abundance and community
composition in a long-term organic vegetable cropping systems trial.
Weed Sci 65:639–649
Jonason D, Smith HG, Bengtsson J, Birkhofer K (2013) Landscape sim-
plification promotes weed seed predation by carabid beetles
(Coleoptera: Carabidae). Landscape Ecol 28:487–494
Jones L (1992) Preliminary trials using a white clover (Trifolium repens
L.) understorey to supply the nitrogen requirements of a cereal crop.
Grass and Forage Science 47:366–374
Juroszek P, Gerhards R (2004) Photocontrol of weeds. Journal of
Agronomy and Crop Science 190:402–415. https://doi.org/10.
1111/j.1439-037X.2004.00118.x
King TJ (1975) Inhibition of seed germination under leaf canopies in
Arenaria serpyllifolia, Veronica arvensis and Cerastium
holosteiodes. New Phytol 75:87–90. https://doi.org/10.1111/j.
1469-8137.1975.tb01374.x
Kohlschmid E, Sauerborn J, Müller-Stöver D (2009) Impact of Fusarium
oxysporum on the holoparasitic weed Phelipanche ramosa: biocon-
trol efficacy under field-grown conditions. Weed Res 49:56–65.
https://doi.org/10.1111/j.1365-3180.2009.00743.x
Kolnaar RW, van den Bosch F (2001) Effect of temperature on epidemi-
ological parameters of Puccinia lagenophorae. Plant Pathol 50(3):
363–370. https://doi.org/10.1046/j.1365-3059.2001.00533.x
Kremer RJ (2005) The role of bioherbicides in weed management.
Biopestic Int 1:127–141
Kromp B (1999) Carabid beetles in sustainable agriculture: a review on
pest control efficacy, cultivation impacts and enhancement. Agric
Ecosyst Environ 74:187–228
Kruk B, Insausti P, Razul A, Benech-Arnold R (2006) Light and thermal
environments as modified by a wheat crop: effects on weed seed
germination. J Appl Ecol 43:227–236. https://doi.org/10.1111/j.
1365-2664.2006.01140.x
Kulkarni SS, Dosdall LM, Willenborg CJ (2015) The role of ground
beetles (Coleoptera: Carabidae) in weed seed consumption: a re-
view. Weed Sci 63:355–376
Kurose D, Renals T, Shaw R, Furuya N, Takagi M, Evans H (2006)
Fallopia japonica, an increasingly intractable weed problem in the
UK: can fungi help cut through this Gordian knot? Mycologist 20:
126–129. https://doi.org/10.1016/j.mycol.2006.07.021
Kurose D, Evans HC, Djeddour DH, Cannon PF, Furuya N, Tsuchiya K
(2009) Systematics of Mycosphaerella species associated with the
invasive weed Fallopia japonica, including the potential biological
control agent M. polygoni-cuspidati. Mycoscience 50:179–189.
https://doi.org/10.1007/s10267-008-0471-z
Kurose D, Furuya N, Tsuchiya K, Tsushima S, Evans HC (2012)
Endophytic fungi associated with Fallopia japonica
(Polygonaceae) in Japan and their interactions with Puccinia
polygoni-amphibii var. tovariae, a candidate for classical biological
control. Fungal Biol 116:785–791. https://doi.org/10.1016/j.funbio.
2012.04.011
Labruyere S, Bohan DA, Biju-Duval L, Ricci B, Petit S (2016a) Local,
neighbor and landscape effects on the abundance of weed seed-
eating carabids in arable fields: a nationwide analysis. Basic Appl
Ecol 17:230–239
Labruyere S, Ricci B, Lubac A, Petit S (2016b) Crop type, crop manage-
ment and grass margins affect the abundance and the nutritional state
of seed eating carabid species in arable landscapes. Agric Ecosyst
Environ 231:183–192
Lamichhane JR, Durr C, Schwanck AA, Robin MH, Sarthou JP, Cellier
V, Messean A, Aubertot JN (2017) Integrated management of
damping-off diseases. A review. Agron Sustain Dev 37(10).
https://doi.org/10.1007/s13593-017-0417-y
Landis DA, Wratten SD, Gurr GM (2000) Habitat management to con-
serve natural enemies of arthropod pests in agriculture. Annu Rev
Entomol 4:175–201
Lechenet M, Bretagnolle V, Bockstaller C, Boissinot F, Petit M-S, Petit S,
Munier-Jolain NM (2014) Reconciling pesticide reduction with eco-
nomic and environmental sustainability in arable farming. PLoS
ONE 9:e97922
Lechenet et al (2017) Reducing pesticide use while preserving crop pro-
ductivity and profitability on arable farms. Nature Plants 3. https://
doi.org/10.1038/nplants.2017.8
Lescourret F, Dutoit T, Rey F, Côte F, Hamelin M, Lichtfouse E (2016)
Agroecological engineering. Agron Sustain Dev 35:1191–1198.
https://doi.org/10.1007/s13593-015-0335-9
Li P, Ash GJ, Ahn B, Watson AK (2010) Development of strain specific
molecular markers for the Sclerotinia minor bioherbicide strain IMI
344141. Biocontrol Sci Techn 20:939–959. https://doi.org/10.1080/
09583157.2010.491895
Lichtenberg EM, Kennedy CM, Kremen C, Batáry P, Berendse F,
Bommarco R, Bosque-Pérez NA, Carvalheiro LG, Snyder WE,
Williams NM, Winfree R, Klatt BK, Åström S, Benjamin F,
Brittain C, Chaplin-Kramer R, Clough Y, Danforth B, Diekötter T,
Eigenbrode SD, Ekroos J, Elle E, Freitas BM, Fukuda Y, Gaines-
Day HR, Grab H, Gratton C, Holzschuh A, Isaacs R, Isaia M, Jha S,
Jonason D, Jones VP, Klein AM, Krauss J, Letourneau DK,
Macfadyen S, Mallinger RE, Martin EA, Martinez E, Memmott J,
Morandin L, Neame L, Otieno M, Park MG, Pfiffner L, Pocock MJ,
Ponce C, Potts SG, Poveda K, Ramos M, Rosenheim JA, Rundlöf
M, Sardiñas H, Saunders ME, Schon NL, Sciligo AR, Sidhu CS,
Steffan-Dewenter I, Tscharntke T, Veselý M, Weisser WW, Wilson
JK, Crowder DW (2017) A global synthesis of the effects of diver-
sified farming systems on arthropod diversity within fields and
across agricultural landscapes. Glob Change Biol 23:4946–4957.
https://doi.org/10.1111/gcb.13714
Liebert JA, DiTommaso A, Ryan MR (2017) Rolled mixtures of barley
and cereal rye for weed suppression in cover crop-based organic no-
till planted soybean. Weed Sci 65:426–439
LiebmanM, Dyck E (1993) Crop rotation and intercropping strategies for
weed management. Ecol Appl 3:92–122
Lorin M, Jeuffroy MH, Butier A, Valantin-Morison M (2015)
Undersowing winter oilseed rape with frost-sensitive legume living
mulches to improve weed control. Eur J Agron 71:96–105
Lundgren JG (2009) Nutritional aspects of non-prey foods in the life
histories of predaceous Coccinellidae. Biol Cont 51:294–305
Lys JA, Nentwig W (1992) Augmentation of beneficial arthropods by
strip-management 4. Surface activity, movements and activity den-
sity of abundant carabid beetles in a cereal field. Oecologia 92:373–
382
Macedo DM, Pereira OL, Hora BT, Weir BS, Barreto RW (2016)
Mycobiota of the weed Tradescantia fluminensis in its native range
in Brazil with particular reference to classical biological control.
Austral Plant Pathol 45:45–56. https://doi.org/10.1007/s13313-
015-0388-x
Malezieux E, Crozat Y, Dupraz C, Laurans M, Makowski D, Ozier-
Lafontaine H, Rapidel B, de Tourdonnet S, Valantin-Morison M
(2009) Mixing plant species in cropping systems: concepts, tools
and models. A review. Agron Sustain Dev 29:43–62
48 Page 18 of 21 Agron. Sustain. Dev. (2018) 38: 48
Marino PC, Westerman PR, Pinkert C, van der Werf W (2005) Influence
of seed density and aggregation on post-dispersal weed seed preda-
tion in cereal fields. Agric Ecosyst Environ 106:17–25
Mauchline AL, Watson SJ, Brown VK, Froud-Williams RJ (2005) Post-
dispersal seed predation of non-target weeds in arable crops. Weed
Res 45:157–164
Medd RW, Campbell MA (2005) Grass seed infection following inunda-
tion with Pyrenophora semeniperda. Biocontrol Sci Techn 15:21–
36. https://doi.org/10.1080/09583150410001720635
Médiène S, Valantin-Morison M, Sarthou JP, De Tourdonnet S, Gosme
M, Bertrand M, Roger-Estrade J, Aubertot JN, Rusch A, Motisi N
(2011) Agroecosystem management and biotic interactions: a re-
view. Agron Sustain Dev 31:491–514. https://doi.org/10.1007/
s13593-011-0009-1
Meiss H, Le Lagadec L, Munier-Jolain N, Waldhardt R, Petit S (2010)
Weed seed predation increases with vegetation cover in perennial
forage crops. Agric Ecosyst Environ 138:10–16
Menalled FD, Marino PC, Renner KA, Landis DA (2000) Post-dispersal
weed seed predation in Michigan crop fields as a function of agri-
cultural landscape structure. Agric Ecosyst Environ 77:193–202
Menalled FD, Smith RG, Dauer JT, Fox TB (2007) Impact of agricultural
management on carabid communities and weed seed predation.
Agric Ecosyst Environ 118:49–54
Mézière D, Petit S, Granger S, Biju-Duval L, Colbach N (2014)
Developing a set of simulation-based indicators to assess harmful-
ness and contribution to biodiversity of weed communities in
cropping systems. Ecol Ind 48:157–170. https://doi.org/10.1016/j.
ecolind.2014.07.028
Millhollon RW, Berner DK, Paxson LK, Jarvis BB, Bean GW (2003)
Myrothecium verrucaria for control of annual morning glories in
sugarcane. Weed Technol 17:276–283. https://doi.org/10.1614/
0890-037X(2003)017[0276:MVFCOA]2.0.CO;2
Mirsky SB, Ryan MR, Teasdale JR, Curran WS, Reberg-Horton CS,
Spargo JT, Wells MS, Keene CL, Moyer JW (2013) Overcoming
weedmanagement challenges in cover crop-based organic rotational
no-till soybean production in the Eastern United States. Weed
Technol 27:193–203
Mirsky SB, Ackroyd VJ, Cordeau S, Curran WS, Hashemi M, Reberg-
Horton CS, RyanMR, Spargo JT (2017) Hairy vetch biomass across
the Eastern United States: effects of latitude, seeding rate and date,
and termination timing. Agron J 109:1510–1519
Mohler CL, Teasdale JR (1993) Response of weed emergence to rate of
Vicia villosa Roth and Secale cereale L. residue. Weed Res 33:487–
499. https://doi.org/10.1111/j.1365-3180.1993.tb01965.x
Moran PJ, Showler AT (2007) Phomopsis amaranthicola and
Microsphaeropsis amaranthi symptoms on Amaranthus spp. under
South Texas conditions. Plant Dis 91:1638–1646.
Moreau D, Milard G, Munier-Jolain N (2013) A plant nitrophily index
based on plant leaf area response to soil nitrogen availability. Agron
Sustain Dev 33:809–815. https://doi.org/10.1007/s13593-013-
0145-x
Morin L, Reid AM, Sims-Chilton NM, Buckley YM, Dhileepan K,
Hastwell GT, Nordblom TL, Raghu S (2009) Review of approaches
to evaluate the effectiveness of weed biological control agents. Biol
Cont 51:1–15. https://doi.org/10.1016/j.biocontrol.2009.05.017
Motlagh MRS (2011) Evaluation of Epicoccum purpurascens as biolog-
ical control agent of Echinochloa spp. in rice fields. J Food Agric
Environ 9:394–397
Müller-Stöver D, Kohlschmid E, Sauerborn J (2009) A novel strain of
Fusarium oxysporum from Germany and its potential for biocontrol
of Orobanche ramosa. Weed Res 49:175–182. https://doi.org/10.
1111/j.1365-3180.2008.00686.x
Munier-Jolain NM, Guyot SHM, Colbach N (2013) A 3Dmodel for light
interception in heterogeneous crop: weed canopies: model structure
and evaluation. Ecol Model 250:101–110
Mylona P, Pawlowski K, Bisseling T (1995) Symbiotic nitrogen fixation.
The Plant Cell 7:869
Netland J, Dutton LC, Greaves MP, Baldwin M, Vurro M, Evidente A,
Einhorn G, Scheepens PC, French LW (2001) Biological control of
Chenopodium album L. in Europe. BioControl 46:175–196. https://
doi.org/10.1023/A:1011425826359
Norris RF (1996) Water use efficiency as a method for predicting water
use by weeds. Weed Technol:153–155. https://doi.org/10.1017/
S0890037X00045863
Oliver TH, Isaac NJB, August TA, Woodcock BA, Roy DB, Bullock JM
(2015) Declining resilience of ecosystem functions under biodiver-
sity loss. Nat. Commun. 6:10122. https://doi.org/10.1038/
ncomms10122(2015).
Pane C, Spaccini R, Piccolo A, Scala F, Bonanomi G (2011) Compost
amendments enhance peat suppressiveness to Pythium ultimum,
Rhizoctonia solani and Sclerotinia minor. Biol Control 56:115–
124. https://doi.org/10.1016/j.biocontrol.2010.10.002
Pearson KA, Taylor AFS, Fuchs RME, Woodward S (2016)
Characterisation and pathogenicity of Fusarium taxa isolated from
ragwort (Jacobaea vulgaris) roots. Fungal Ecol 20:186–192. https://
doi.org/10.1016/j.funeco.2015.12.011
Pedersen P, Bures E, Albrecht K (2009) Soybean production in a kura
clover living mulch system. Agron J 101:653–656
Pes M, Mazutti M, Almeida T, Curioletti L, Amelo A, Guedes J, Kuhn R
(2016) Bioherbicide based on Diaporthe sp. secondary metabolites
in the control of three tough weeds. Afr J Agr Resh 11:4242–4249.
https://doi.org/10.5897/AJAR.2016
Petit S, Boursault A, Bohan DA (2014) Weed seed choice by carabid
beetles (Coleoptera: Carabidae): linking field measurements with
laboratory diet assessments. Eur J Entomol 111:1–6
Petit S, Munier-Jolain NM, Bretagnolle V, Bockstaller C, Gaba S,
Mézière D, Colbach N (2015) Ecological intensification through
pesticide reduction: weed control, weed biodiversity and sustainabil-
ity in arable farming. EnvironManag 56:1078–1090. https://doi.org/
10.1007/s00267-015-0554-5
Petit S, Trichard A, Biju-Duval L, McLaughlin ÓB, Bohan DA (2017)
Interactions between conservation agricultural practice and land-
scape composition promote weed seed predation by invertebrates.
Agric Ecosyst Environ 240:45–53. https://doi.org/10.1016/j.agee.
2017.02.014
Pfiffner L, Luka H (2000) Overwintering of arthropods in soils of arable
fields and adjacent semi-natural habitats. Agric Ecosyst Environ 78:
215–222
Picard D, Ghiloufi M, Saulas P, De Tourdonnet S (2010) Does
undersowing winter wheat with a cover crop increase competition
for resources and is it compatible with high yield? Field Crops Res
115:9–18. https://doi.org/10.1016/j.fcr.2009.09.017
Prasad RP, Snyder WE (2004) Predator interference limits fly egg biolog-
ical control by a guild of ground-active beetles. Biol Control 31:
428–437
Prasifka JR, Schmidt NP, Kohler KA et al (2006) Effects of living
mulches on predator abundance and sentinel prey in a corn-
soybean-forage rotation. Environ Entomol 35:1423–1431
Quimby PC, Gras S, Widmer T, Meikle W, Sands D (2004) Formulation
of Selerotinia sclerotiorum for use against Cirsium arvense. J Plant
Dis Prot 111:491–495
Quinio M, De Waele M, Dessaint F, Biju-Duval L, Buthiot M, Cadet E,
Bybee-Finley AK, Guillemin JP, Cordeau S (2017) Separating the
confounding effects of farming practices on weeds and winter wheat
production using path modelling. Eur J Agron 82:134–143. https://
doi.org/10.1016/j.eja.2016.10.011
Quinn NF, Brainard DC, Szendrei Z (2016) The effect of conservation
tillage and cover crop residue on beneficial arthropods and weed
seed predation in acorn squash. Env Entomol 45:1543–1551.
https://doi.org/10.1093/ee/nvw139
Agron. Sustain. Dev. (2018) 38: 48 Page 19 of 21 48
Rasmussen IA (2004) The effect of sowing date, stale seedbed, rowwidth
and mechanical weed control on weeds and yields of organic winter
wheat. Weed Res 44:12–20. https://doi.org/10.1046/j.1365-3180.
2003.00367.x
Ray P, Vijayachandran LS (2013) Evaluation of indigenous fungal path-
ogens from horse purslane (Trianthema portulacastrum) for their
relative virulence and host range assessments to select a potential
mycoherbicidal agent. Weed Sci 61:580–585. https://doi.org/10.
1614/WS-D-12-00076.1
Regnier EE, Salvucci ME, Stoller EW (1988) Photosynthesis and growth
responses to irradiance in soybean (Glycine max) and three broad-
leaf weeds. Weed Sci 36:487–496. https://doi.org/10.1017/
S004317450007524X
Riddle GE, Burpee LL, Boland GJ (1991) Virulence of Sclerotinia
sclerotiorum and S. minor on dandelion (Taraxacum officinale).
Weed Sci 39:109–118. https://doi.org/10.1614/WS-D-12-00076.1
Robinson RG, Dunham RS (1954) Companion crops for weed control in
soybeans. Agron J 46:278–281
Rosskopf EN,Yandoc CB, Charudattan R, DeValerio JT (2005) Influence
of epidemiological factors on the bioherbicidal efficacy of
Phomopsis amaranthicola on Amaranthus hybridus. Plant Dis 89:
1295–1300. https://doi.org/10.1094/PD-89-1295
Runion GB, Prior SA, Price AJ, McElroy JS, Torbert HA (2014) Effects
of elevated CO2 on biomass and fungi associated with two ecotypes
of ragweed (Ambrosia artemisiifolia L.). Front Plant Sci 5:7. https://
doi.org/10.3389/fpls.2014.00500
Rusch A, Valantin-Morison M, Sarthou JP, Roger-Estrade J (2010)
Biological control of insect pests in agroecosystems: effects of crop
management, farming systems, and seminatural habitats at the land-
scape scale: a review. Adv Agron 109:219–259. https://doi.org/10.
1016/S0065-2113(10)09006-1
Sanguankeo PP, Leon RG (2011) Weed management practices determine
plant and arthropod diversity and seed predation in vineyards. Weed
Res 51:404–412
Scott JK, Morin L (2012) Moraea flaccida Sweet–one-leaf Cape tulip
Moraea miniata Andrews–two-leaf Cape tulip. In: Julien M,
McFadyen R, Cullen J (eds) Biological control of weeds in
Australia. CSIRO Publishing, pp 398–403
Shaw RH (2003) Plant invasions: ecological threats and manage-
ment solutions. In: Biological control of invasive weeds in the
UK: opportunities and challenges. Backhuys Publishers,
Leiden, pp 337–354
Shearin AF, Reberg-Horton CS, Gallandt ER (2008) Cover crop effects
on the activity-density of the weed seed predator Harpalus rufipes
(Coleoptera: Carabidae). Weed Sci 56:442–450
Siddiqui I, Bajwa R, Javaid A (2010) Field evaluation of Alternaria
alternata as mycoherbicide for the management of Rumex dentatus
L. Philipp. Agric Sci 93:116–120
Silvertown J (1980) Leaf-canopyinduced seed dormancy in a grassland
flora. New Phytol 85:109–118
Skipp RA, Bourdot GW, Hurrell GA, Chen LY, Wilson DJ, Saville DJ
(2013) Verticillium dahliae and other pathogenic fungi in Cirsium
arvense from New Zealand pastures: occurrence, pathogenicity and
biological control potential. New Zeal J Agr Res 56:1–21. https://
doi.org/10.1080/00288233.2012.732092
Smith V, Bohan DA, Clark S, Haughton A, Bell J, Heard M (2008) Weed
and invertebrate community compositions in arable farmland.
Arthropod-Plant Inte 2:21–30
Spitters CJT, Aerts R (1983) Simulation of competition for light and
water in crop-weed associations. Asp App Biol 4:467–483
Stoate C, Baldi A, Beja P, Boatman ND, Herzon I, van Doorn A, de Snoo
GR, Rakosy L, Ramwell C (2009) Ecological impacts of early 21st
century agricultural change in Europe—a review. J Env Manage 91:
22–46
Sumner DR, Phatak SC, Gay JD, Chalfant RB, Brunson KE, Bugg RL
(1995) Soilborne pathogens in a vegetable double-crop with
conservation tillage following winter cover crops. Crop Prot 14:
495–500. https://doi.org/10.1016/0261-2194(95)00028-K
Sutherland S (2004) What makes a weed a weed: life history traits of
native and exotic plants in the USA. Oecologia 141:24–39
Swanton C, Mahoney K, Chandler K, Gulden R (2008) Integrated weed
management: knowledge-based weed management systems. Weed
Sci 56:168–172. https://doi.org/10.1614/WS-07-126.1
Swope SM, Stein IR (2012) Soil type mediates indirect interactions be-
tween Centaurea solstitialis and its biocontrol agents. Biol
Invasions 14:1697–1710. https://doi.org/10.1007/s10530-012-
0181-5
Tang W, Zhu YZ, He HQ, Qiang S, Auld BA (2011) Field evaluation of
Sclerotium rolfsii, a biological control agent for broadleaf weeds in
dry, direct-seeded rice. Crop Prot 30:1315–1320. https://doi.org/10.
1016/j.cropro.2011.04.002
Teasdale JR (1996) Contribution of cover crops to weed management in
sustainable agricultural systems. J Prod Agric 9:475–479
Teasdale JR, Mirsky SB, Spargo JT, Cavigelli MA, Maul JE (2012)
Reduced-tillage organic corn production in a hairy vetch cover crop.
Agron J 104:621–628. https://doi.org/10.2134/agronj2011.0317
Teasdale JR, Mohler CL (2000) The quantitative relationship between
weed emergence and the physical properties of mulches. Weed Sci
48:385–392. https://doi.org/10.1614/0043-1745
Tebeest DO, Yang XB, Cisar CR (1992) The status of biological control
of weeds with fungal pathogens. Annu Rev Phytopathol 30:637–
657. https://doi.org/10.1146/annurev.py.30.090192.003225
Thorbek P, Bilde T (2004) Reduced numbers of generalist arthropod
predators after crop management. J Appl Ecol 41:526–538
Thorsted MD, Olesen JE, Weiner J (2006) Mechanical control of clover
improves nitrogen supply and growth of wheat in winter wheat/
white clover intercropping. Eur J Agron 24:149–155
Traugott M, Kamenova S, Ruess L, Seeber J, Plantegenest M (2013)
Empirically characterising trophic networks: what emerging DNA-
based methods, stable isotope and fatty acid analyses can offer. Adv
Ecol Res 49:177–224
Tribouillois H, Fort F, Cruz P, Charles R, Flores O, Garnier E, Justes E
(2015) A functional characterisation of a wide range of cover crop
species: growth and nitrogen acquisition rates, leaf traits and eco-
logical strategies. Plos One 10:e0122156
Trichard A, Alignier A, Biju-Duval L, Petit S (2013) The relative effects
of local management and landscape context on weed seed predation
and carabid functional groups. Basic Appl Ecol 14:235–254
Trichard A, Ricci B, Ducourtieux C, Petit S (2014) The spatio-temporal
distribution of weed seed predation differs between conservation
agriculture and conventional tillage. Agric Ecosyst Environ 188:
40–47
Trognitz F, Hackl E, Widhalm S, Sessitsch A (2016) The role of plant-
microbiome interactions in weed establishment and control. FEMS
Microbiol Ecol 92. https://doi.org/10.1093/femsec/fiw138
Vacher C, Tamaddoni-Nezhad A, Kamenova S, Peyrard N, Moalic Y,
Sabbadin R, Schwaller L, Chiquet J, Smith A, Vallance J, Fievet
V, Jakuschkin B, Bohan D (2016) Learning ecological networks
from next-generation sequencing data. Adv Ecol Res 54:1–39
Verrell AG, Simpfendorfer S, Moore KJ (2017) Effect of row placement,
stubble management and ground engaging tool on crown rot and
grain yield in a no-till continuous wheat sequence. Soil Till Res 165:
16–22. https://doi.org/10.1016/j.still.2016.07.005
Verret V, Gardarin A, Pelzer E, Médiène S, Makowski D, Valantin-
Morison M (2017) Can legume companion plants control weeds
without decreasing crop yield? A meta-analysis. Field Crops Res
204:158–168. https://doi.org/10.1016/j.fcr.2017.01.010
Vogelgsang S, Watson AK, DiTommaso A, Hurle K, (1999)
Susceptibility of various accessions of Convolvulus arvensis to
Phomopsis convolvulus. Biol Control 15:25-32. ID bcon.1999.0697
Vurro M, Andolfi A, Boari A, Zonno MC, Caretto S, Avolio F, Evidente
A (2012) Optimization of the production of herbicidal toxins by the
48 Page 20 of 21 Agron. Sustain. Dev. (2018) 38: 48
fungus Ascochyta caulina. Biol Control 60:192–198. https://doi.org/
10.1016/j.biocontrol.2011.10.005
Vurro M, Evidente A, Andolfi A, Zonno MC, Giordano F, Motta A
(1998) Brefeldin A and alpha,beta-dehydrocurvularin, two
phytotoxins from Alternaria zinniae, a biocontrol agent of
Xanthium occidentale. Plant Sci 138:67–79. https://doi.org/10.
1016/S0168-9452(98)00131-9
Walker GK, Blackshaw RE, Dekker J (1988) Leaf area and competition
for light between plant species using direct sunlight transmission.
Weed Te chno l : 1 5 9–165 . h t t p s : / / d o i . o r g / 1 0 . 1 0 17 /
S0890037X00030311
Wallace JM,Williams A, Liebert JA, Ackroyd VJ, Vann RA, CurranWS,
Keene CL, VanGessel MJ, Ryan MR, Mirsky SB (2017) Cover
crop-based, organic rotational no-till corn and soybean production
systems in the mid-Atlantic United States. Agriculture 7:34
Wallinger C, Sint D, Baier F, Schmid C, Mayer R, Traugott M (2015)
Detection of seed DNA in regurgitates of granivorous carabid bee-
tles. Bull Entomol Res 105:728–735
Ward MJ, Ryan MR, Curran WS, Barbercheck ME, Mortensen DA
(2011) Cover crops and disturbance influence activity-density of
weed seed predators Amara aenea and Harpalus pensylvanicus
(Coleoptera: Carabidae). Weed Sci 59:76–81
Wayman S, Kissing Kucek L, Mirsky SB, Ackroyd V, Cordeau S, Ryan
MR (2017)Organic and conventional farmers differ in their perspec-
tives on cover crop use and breeding. Renew Agr Food Syst 32:1–
10. https://doi.org/10.1017/S1742170516000338
Westerman PR, Dixon PM, Liebman M (2009) Burial rates of surrogate
seeds in arable fields. Weed Res 49:142–152
Westerman PR, Liebman M, Menalled FD, Heggenstaller AH, Hartzler
RG, Dixon PM (2005) Are many little hammers effective?
Velvetleaf (Abutilon theophrasti) population dynamics in two- and
four-year crop rotation systems. Weed Sci 53:382–392
Westerman PR, Wes JS, Kropff MJ, Van der Werf W (2003) Annual
losses of weed seeds due to predation in organic cereal fields. J
Appl Ecol 40:824–836
Wezel A, Soboksa G,McClelland S, Delespesse F, Boissau A (2015) The
blurred boundaries of ecological, sustainable, and agroecological
intensification: a review. Agron Sustain Dev 35:1283–1295
White JG, Scott TW (1991) Effects of perennial forage-legume living
mulches on no-till winter wheat and rye. Field Crops Research 28:
135–148
White SS, Renner KA, Menalled FD, Landis D (2007) Feeding prefer-
ences of weed seed predators and effect on weed emergence. Weed
Sci 55:606–612. https://doi.org/10.1614/WS-06-162.1
Wilke BJ, Snapp SS (2008) Winter cover crops for local ecosystems:
linking plant traits and ecosystem function. J Sci Food Agr 88:
551–557
Wilson JB (1988) Shoot competition and root competition. J Appl Ecol
25:279–296
Wissinger SA (1997) Cyclic colonization in predictably ephemeral hab-
itats: a template for biological control in annual crop systems. Biol
Control 10:4–15
Xu Q, Fujiyama S, Xu H (2011) Biological pest control by enhancing
populations of natural enemies in organic farming systems. J Food
Agr Env 9:455–463
Zangger A, Lys JA, NentwigW (1994) Increasing the availability of food
and reproduction of Poecilus cupreus in a cereal field by strip man-
agement. Entomol Exp Appl 71:111–120
Zimdahl RL (2007a) Weed-crop competition: a review. John Wiley &
Sons.
Zimdahl R (2007b) Weed management using the principles of competi-
tion. Weed-crop competition: a review, 2nd edn. Blackwell
Publishing, Hoboken, pp 146–166
Agron. Sustain. Dev. (2018) 38: 48 Page 21 of 21 48
